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1  Introduction 


Background 

A  recent  study  by  the  U.S.  Army  Engineer  Research  and  Development  Center 
(ERDC),  Construction  Engineering  Research  Laboratory  (CERL)  for  the  Federal 
Emergency  Management  Agency  (FEMA)  revealed  that  more  than  half  of  the  Army 
buildings  located  in  high  or  moderate  seismic  zones  did  not  meet  current  seismic 
code  requirements  and  were  found  vulnerable  to  damage  during  an  earthquake. 
One  rehabilitation  technique  that  addresses  vulnerabilities  in  both  the  masonry 
infills  and  in  nonductile  concrete  frames  is  the  use  of  fiber-reinforced  polymer 
(FRP).  ERDC/CERL  investigated  the  effectiveness  of  such  a  technique  by 
conducting  an  experimental  program  on  reinforced  concrete  (R/C)  frames  infilled 
with  masonry.  Based  on  this  research  and  related  research  in  the  field,  this  report 
was  developed  to  provide  in-depth  guidelines  for  engineers  and  practitioners  on  how 
to  evaluate  the  strength  and  stiffness  of  R/C  members  and  masonry-infilled  frames 
strengthened  with  FRP. 

This  document  uses  the  same  nomenclature  used  in  ACI 440,  Guide  for  the  Design 
and  Construction  of  Externally  Bonded  FRP  Systems  for  Strengthening  Concrete 
Structures,  when  possible.  Major  contributions  that  go  beyond  ACI  440  include 
guidance  on: 

•  FRP  systems  that  have  nonlinear  stress-strain  behavior 

•  flexural  strength  of  R/C  members  fully  wrapped  with  FRP  and  containing 
compression  steel  reinforcement 

•  moment-curvature  relationships  for  beams 

•  compressive  strength  of  noncircular  R/C  members 

•  thrust-moment  interaction  behavior  for  columns 

•  strength  and  stiffness  of  masonry-infilled  frames  with  FRP  overlay 

•  global  structural  system  performance  evaluation  using  nonlinear  pushover 
analysis. 
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Objective 

The  objective  of  this  project  was  to  present  guidelines  for  evaluating  strength  and 
stiffness  of  unreinforced  masonry  (URM)  infill  panels  rehabilitated  with  FRP  and 
subjected  to  lateral  forces.  The  guidelines  are  based  on  experimental  and  computa¬ 
tional  research  performed  at  ERDC,  and  they  include  a  number  of  empirically  based 
relationships  for  estimating  strength  and  stiffness  of  infill  panels  subjected  to  lat¬ 
eral  forces.  The  guidelines  give  the  engineer  a  strength-based  alternative  to  FEMA 
273  (a  performance-based  method),  which  should  also  result  in  safe  and  economical 
construction. 


Approach 

The  information  compiled  in  this  report  was  written  following  a  logical  sequence  in¬ 
tended  to  help  the  engineer  in  the  evaluation  process.  First,  the  following  chapter 
outlines  the  steps  that  must  be  followed  to  obtain  all  the  required  material  and 
geometrical  properties  of  the  structure  to  be  evaluated.  In  the  next  chapters,  the 
load  and  deformation  characteristics  of  R/C  members  strengthened  with  FRP  are 
presented.  Next,  the  in-plane  strength  and  stiffness  evaluation  procedures  are 
shown  for  the  lateral-force  resisting  system  consisting  of  infilled  frames  rehabili¬ 
tated  with  FRP.  Appendix  A  includes  an  illustrative  example  to  help  summarize 
and  clarify  the  entire  evaluation  process,  and  Appendix  B  is  a  commentary  on  se¬ 
lected  sections  of  the  document. 


Scope 

The  evaluation  procedures  presented  in  this  document  (based  on  life-safety  per¬ 
formance)  are  applicable  to  all  building  structures  that  have  been  constructed  with 
R/C  frames  and  walls  that  consist  of  infill  panels  constructed  of  solid  clay  brick,  con¬ 
crete  block,  and  hollow  clay  tile  masonry.  These  types  of  structures  correspond  to 
Building  type  10  as  defined  in  Chapter  2  and  in  accordance  with  FEMA  310. 


Mode  of  Technology  Transfer 

This  report  is  to  be  used  as  a  complement  to  applicable  provisions  in  FEMA  310 
with  respect  to  seismic  evaluation  of  buildings. 
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Units  of  Weight  and  Measure 


U.S.  standard  units  of  measure  are  used  throughout  this  report.  A  table  of  conver¬ 
sion  factors  for  Standard  International  (SI)  units  is  provided  below. 


SI  conversion  factors  j 

1  in. 

2.54  cm 

1  sq  in.  = 

6.452  cm2 

1  lb 

0.453  kg 

1  kip  = 

453  kg 

1  psi  = 

6.89  kPa 
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2  Determining  the  Geometrical  and 
Mechanical  Properties  of  Masonry  and 
FRP  Structural  Components 

Introduction 

The  general  requirements  presented  in  Chapter  2  of  ERDC/CERL  TR-02-1,  Evaluat¬ 
ing  Strength  and  Stiffness  of  Unreinforced  Masonry  Infill  Structures  (Al-Chaar 
2002),  are  applicable  in  this  document.  All  geometrical  properties,  including  the 
size  and  location  of  all  masonry  infills  and  confining  frame  elements,  should  be  de¬ 
termined.  Infill  dimensions  such  as  height  ( h ),  length  (/),  and  thickness  it)  should 
be  obtained  from  field  measurements  or  existing  construction/structural  plans.  All 
relevant  dimensions  for  the  frame  elements  (H,  Lf,  hb,  bb,  he,  be,  etc.)  must  also  be 
obtained.  Definitions  of  these  dimensions  are  given  in  the  glossary. 


Panel  Material  Properties 

Tests  required  to  evaluate  mechanical  material  properties  of  the  masonry  infills 
such  as  compressive  strength  (f'm),  modulus  of  elasticity  in  compression  (Em),  and 
shear  strength  (fv)  must  be  carried  out  in  accordance  with  Section  7.3.2  (Properties 
of  In-Place  Materials)  of  FEMA  273,  NEHRP  Guidelines  for  the  Seismic  Rehabilita¬ 
tion  of  Buildings.  Evaluation  of  material  properties  for  the  confining  frame  should 
be  executed  in  accordance  with  Section  6.3.2  (for  R/C  frames)  of  FEMA  273. 
Evaluation  of  material  properties  of  the  FRP  should  be  consistent  with  Chapters  3 
and  6  of  ACI  440.  Material  properties  may  also  be  obtained  from  building  codes 
from  the  year  of  construction  of  the  building  being  evaluated,  or  from  as-built  plans 
if  available. 

Masonry  infill  panels  should  be  evaluated  in  both  the  in-plane  and  out-of-plane  di¬ 
rection  while  accounting  for  the  effects  of  out-of-plane  loading  on  in-plane  capacity. 
In  general,  infills  can  be  grouped  into  two  different  categories:  (1)  isolated  infills 
and  (2)  shear  (or  regular)  infills. 
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Isolated  infills  are  panels  totally  isolated  from  the  confining  frame  at  the  top  and  on 
both  sides.  The  isolation  (gaps)  between  the  infill  and  the  frame  must  be  greater 
than  any  possible  deformation  expected  by  the  frame,  thus  prohibiting  any  in¬ 
fill/frame  interaction.  These  infills  are  not  considered  structural  elements. 

This  report  focuses  on  shear  infills,  which  act  as  part  of  the  lateral-force-resisting 
system  of  the  structure.  An  infill  in  this  category  must  be  fully  in  tight  contact  with 
its  confining  frame  on  all  four  of  its  sides.  Any  gaps  must  be  completely  filled  to 
guarantee  full  mortar  bonding  contact. 

In-plane  and  out-of-plane  behavior  of  infilled  frames  depends  on  a  number  of  factors 
outside  of  the  basic  mechanical  and  geometrical  properties  of  the  infill  and  frame. 
These  additional  factors  alter  the  original  stiffness  and  strength  of  infilled  frames. 
The  empirically  developed  factors  presented  in  this  report  modify  original  infilled 
frame  performance  estimates  by  taking  into  account  existing  infill  damage,  flexibil¬ 
ity  of  confining  frame  elements,  and  presence  of  infill  openings.  In  addition,  factors 
representing  the  influence  of  FRP  overlay  used  as  a  rehabilitation  technique  are 
presented.  These  multiplicative  factors  will  be  discussed  in  later  sections. 


Characteristics  of  FRP  Systems 
As-Installed  Properties 

The  as-installed  structural  properties  of  the  FRP  systems  vary  considerably  with 
the  type  of  fiber  and  fiber  orientation.  Table  1  summarizes  the  composite  tensile 
properties  of  FRP  systems  with  fiber  volumes  of  40  -  60  percent  (ACI  440).  The 
symbol  Efi  refers  to  the  initial  modulus  of  elasticity  of  the  FRP  system,  f*fu  is  the 
ultimate  tensile  strength  of  the  FRP  system,  and  £*/is  the  ultimate  rupture  strain 
of  the  FRP  system.  The  properties  are  based  on  the  gross  laminate  area  rather  than 
using  just  the  net  fiber  area. 
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Table  1.  Composite  FRP  system  properties. 


FRP 

System 

Fiber 

Orientation 

Efl 

(10J  ksi) 

f'fu 

(ksi) 

<4 

(%) 

High  Strength 

HBMI 

15-21 

150-350 

1.0-  1.5 

Carbon/Epoxy 

0790° 

8-11 

100-150 

1.0- 1.5 

+457-45° 

2-4 

25-40 

1.5 -2.5 

E-glass/Epoxy 

0° 

3-6 

75  -  200 

1.5 -3.0 

0790° 

2-5 

75  - 150 

2.0  -  3.0 

+457-45° 

2-3 

25-40 

2.5  -  3.5 

High  Performance 

0° 

7-10 

100-250 

2.0 -3.0 

Aramid/Epoxy 

0790° 

4-5 

40-80 

2.0  -  3.0 

+457-45° 

1-2 

20-30 

2.0  -  3.0 

Traditionally,  engineers  have  assumed  linearly  elastic  behavior  until  failure  for  the 
FRP.  This  assumption  is  valid  for  FRP  systems  with  fiber  orientations  of  zero  de¬ 
grees  and  0/90  degrees.  FRP  systems  with  fiber  orientations  of  +45  /  -45  degrees, 
however,  may  exhibit  highly  nonlinear  response.  Figure  1  illustrates,  for  example, 
the  nonlinear  stress-strain  characteristics  for  a  tensile  test  of  a  carbon  FRP  (CFRP) 
coupon  with  the  fibers  oriented  +45  /  -45. 


Strain  (%) 

Figure  1.  Stress-strain  curve  for  a  +45/  -45  degree  CFRP  coupon. 

Therefore,  the  structural  properties  of  the  FRP  system  should  be  determined  from 
testing  on  the  specific  fiber/resin  combination  being  used.  Once  an  average  stress- 
strain  curve  has  been  generated,  a  bilinear  representation  can  be  utilized  for  design 
purposes.  The  bilinear  curve  should  be  drawn  in  a  manner  that  minimizes  the  de¬ 
viations  from  the  actual  stress-strain  curve.  Figure  2  shows  a  typical  bilinear  FRP 
stress-strain  curve. 
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Environmental  Reduction  Factor  (Ce) 

The  properties  of  the  FRP  system  determined  from  testing  should  only  be  consid¬ 
ered  initial  values.  After  FRP  is  exposed  to  the  environment  for  long  durations  of 
time,  the  strength  decreases.  Table  2  gives  conservative  values  for  the  environ¬ 
mental  reduction  factor,  Ce,  for  different  environmental  exposure  conditions  and 
fiber/resin  combinations.  The  aggressive  environmental  exposure  values  should  be 
used  when  the  FRP  system  will  be  subjected  to  high  humidity,  freeze-thaw  cycles, 
salt  water,  or  alkalinity  (ACI 440); 


Table  2.  Values  of  Ce  for  different  FRP  systems. 


Environmental 

Exposure 

Ce 

Carbon/Epoxy 

0.95 

Interior 

Glass/Epoxy 

0.75 

Aramid/Epoxy 

0.85 

Carbon/Epoxy 

0.85 

Exterior 

Glass/Epoxy 

0.65 

Aramid/Epoxy 

0.75 

Carbon/Epoxy 

0.85 

Aggressive 

Glass/Epoxy 

0.5 

Aramid/Epoxy 

o.7  ; 

The  environmental  reduction  factor  should  be  applied  to  the  yield  stress,  ultimate 
stress,  yield  strain,  and  ultimate  strain  of  the  FRP  system  determined  from  testing. 
Therefore,  the  design  strength  of  the  FRP  system  is  reduced  without  modifying  the 
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modulus  values.  The  following  equations  give  the  tensile  properties  that  should  be 
used  in  design  (Eq  1). 


ffy  -  C. Effy  Efy  -  CeG fy  Eq  1 

f fu  ~  C, Effu  £fu  =  Ce£/u 

FRP  Stress-Strain  Relationship 

A  graphical  representation  of  the  FRP  design  strength  curve  is  shown  in  Figure  3. 
Efi  and  Ef2  represent  the  initial  and  secondary  moduli  of  elasticity  values  for  the 
FRP  system,  respectively. 


Figure  3.  FRP  design  strength  curve. 
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3  Load  and  Deformation  Characteristics 
of  FRP-Rehabilitated  R/C  Frames 

Failure  Modes 

There  are  five  failure  modes  that  must  be  considered  when  determining  the 
strength  of  an  R/C  member  strengthened  with  FRP  (GangRao  and  Vijay  1998): 

1.  Concrete  crushing  in  compression  prior  to  tension  steel  yielding 

2.  Concrete  crushing  in  compression  after  tension  steel  yielding 

3.  Yielding  of  the  steel  followed  by  rupture  of  the  FRP 

4.  FRP  debonding  from  the  concrete  substrate 

5.  Concrete  cover  shear/tension  failure  (cover  delamination). 

The  controlling  failure  mode  can  be  determined  by  evaluating  the  strain  levels  in 
the  concrete,  steel,  and  FRP  at  section  failure.  FRP  debonding,  rupture  of  the  FRP, 
or  cover  delamination  can  occur  if  the  strain  in  the  FRP  reaches  its  flexural  design 
rupture  strain,  KmEfu,  before  the  concrete  reaches  its  maximum  usable  compressive 
strain,  scu.  The  bond-dependent  coefficient  for  flexure,  fon,  limits  the  strain  level  in 
the  FRP  based  on  its  stiffness.  Calculating  the  strain  in  the  tension  steel  at  the  ul¬ 
timate  load,  £s,  will  determine  if  the  steel  has  yielded.  If  es  <  ey,  the  reliability  and 
ductility  of  the  member  is  low  and  the  predicted  strength  is  factored  accordingly 
through  the  strength  reduction  factor,  <f>. 


Flexural  Capacity  of  Rehabilitated  Frame  Members 
Assumptions 

The  calculated  flexural  capacity  of  R/C  frame  members  strengthened  with  FRP  is 
based  on  traditional  R/C  flexural  behavior.  Additional  assumptions  must  be  used, 
however,  when  FRP  is  bonded  to  the  member.  The  following  assumptions  govern 
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the  equations  used  to  calculate  the  flexural  capacity  of  R/C  members  strengthened 
with  FRP: 

1.  Only  the  FRP  bonded  to  the  tension  face  of  the  member  will  be  effective  in  resist¬ 
ing  flexural  loads. 

2.  The  FRP  reinforcement  has  a  bilinear  stress-strain  relationship  represented  by 
the  FRP  design  strength  curve. 

3.  Perfect  bond  exists  between  the  FRP  reinforcement  and  concrete  substrate. 

4.  The  concrete  strain  at  failure  is  0.003. 

5.  The  compressive  strength  of  the  concrete  in  flexure  is  0.85f  c. 

6.  The  tensile  strength  of  the  concrete  is  ignored. 

7.  The  steel  reinforcement  has  an  elastic-plastic  stress-strain  relationship. 

8.  Strains  in  the  member  are  proportional  to  the  distance  from  the  neutral  axis. 

Note:  The  assumptions  concerning  the  values  of  concrete  stress  and  strain  at  fail¬ 
ure  and  the  use  of  an  elastic-plastic  stress-strain  relationship  should  be  used  unless 
testing  is  performed  that  yields  a  more  accurate  representation  of  these  parameters. 
The  equations  determining  flexural  capacity  will  have  to  be  modified  to  take  these 
changes  into  account. 

The  first  assumption  that  only  the  FRP  bonded  to  the  tension  face  of  the  member 
will  be  effective  in  resisting  flexural  loads  is  based  on  research  conducted  by  Al- 
Chaar  (2000).  Although  FRP  bonded  to  the  sides  and  top  of  the  beam  are  consid¬ 
ered  ineffective  in  flexure,  it  is  still  recommended  to  at  least  use  a  U-wrap  to  reduce 
the  probability  of  FRP  debonding,  rupture  of  the  FRP,  cover  delamination,  and 
shear  failure.  A  U-wrap  is  also  more  practical  than  fully  wrapped  because  of  the 
integral  slabs  present  in  most  buildings.  Figure  4  illustrates  the  FRP  that  should 
be  considered  effective  when  calculating  the  flexural  capacity  of  a  fully  wrapped 
member  and  the  recommended  FRP  wrapping  scheme. 

Using  the  assumptions  for  flexure,  Figure  5  depicts  the  stress  and  strain  distribu¬ 
tion  of  a  rectangular  doubly  reinforced  concrete  section  strengthened  with  FRP  at 
the  ultimate  load.  The  strain  level  in  the  concrete  substrate  at  the  time  of  FRP  in¬ 
stallation,  £6i,  must  be  considered  when  analyzing  the  section.  This  strain  can  be 
computed  from  an  elastic  analysis  of  the  member  under  service  loads. 
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Figure  4.  Effectiveness  of  FRP  in  flexure  and  the  recommended  FRP  wrapping  scheme. 


Flexural  Design 

The  governing  design  equation  states  that  the  design  flexural  capacity  must  equal 
or  exceed  the  flexural  demand  (Eq  2).  The  flexural  demand  should  be  computed 
with  the  load  factors  recommended  in  ACI 318. 

<f>Mn>Mull  Eq  2 


The  nominal  moment  capacity  for  a  rectangular  doubly  reinforced  concrete  member 
strengthened  with  FRP  is  given  by  Equation  3,  where  the  moments  of  the  internal 
beam  forces  are  summed  about  the  neutral  axis. 


M„  =  AJS  (d  -  c)+Asf's  (< c-d' )+  y/fAfffe  (i h-c)+ 0.85  f'jxcb 


2 


Eq  3 


The  ratio  of  the  depth  of  the  equivalent  rectangular  stress  block  to  the  depth  of  the 
neutral  axis,  Pi,  is  given  by  Equation  4  based  on  ACI  318. 

0.85  >px=  0.85  -  0.05(/;  -  4  ksi )  >  0.65 


Eq  4 
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A  reduction  factor,  y/f,  should  be  applied  to  the  flexural  contribution  of  the  FRP. 
This  reduction  factor  is  to  account  for  the  lower  reliability  of  the  FRP  in  comparison 
to  steel.  The  reliability  of  the  FRP  is  also  a  function  of  the  wrapping  scheme  as 
shown  in  Table  3. 

The  effective  strain  in  the  FRP  at  failure,  e/e,  can  be  calculated  using  Equation  5. 
This  equation  assumes  strain  compatibility  along  with  the  inclusion  of  e&i.  In  addi¬ 
tion,  8/e  is  limited  to  the  flexural  design  rupture  strain,  KmSfu,  in  order  to  reduce  the 
probability  that  FRP  debonding,  rupture,  or  cover  delamination  might  occur. 


£fe  =  0.003 


'h-c' 


\  c  ) 


■£bi 


Eq  5 


The  bond-dependent  coefficient  for  flexure,  Km,  limits  the  strain  level  in  the  FRP 
based  on  the  initial  stiffness  (Efi),  number  of  plies  (n),  and  thickness  (tf)  of  the  FRP. 
Equation  6  shows  that  Km  has  an  inverse  relationship  with  Efi.  In  other  words,  the 
equation  recognizes  that  FRP  with  a  higher  initial  stiffness  is  more  prone  to  de¬ 
lamination.  This  coefficient  is  based  on  recommendations  from  ACI 440.  The  bond- 
dependent  coefficient  is  shown  graphically  in  Figure  6. 


0.9  >  Km 


1-- 


nE  r,t 


/!*/ 


2400 
600 


nEfitf 


for  nE^tj-  <1200 
for  nEfXtf  >1200 


Eq  6 


Once  the  strain  in  the  FRP  is  determined,  the  corresponding  strains  in  the  compres¬ 
sion  and  tension  reinforcing  steel  can  be  calculated  from  Equations  7  and  8. 


Table  3.  Values  of  y/fiox  flexural  strengthening. 


Wrapping  Scheme 

Vf 

Fully-Wrapped 

1.00 

U-Wrap 

0.95 

Tension  Face  Only 

0.85 

Eq  7 


Eq  8 
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Figure  6.  Bond-dependent  coefficient,  Km,  for  flexure. 

The  stress  in  the  FRP  depends  on  the  level  of  strain.  If  the  strain  in  the  FRP  is  less 
than  or  equal  to  its  yield  strain,  the  FRP  will  behave  linear  elastically.  Beyond  the 
yield  strain,  the  change  in  stress  of  the  FRP  corresponds  to  its  secondary  modulus. 
These  two  relationships  are  summarized  in  Equation  9. 


f  fe  ~ 


Ensfe 


for  s  fe  <  e 


ffy  +  En  i£fe  Sfy )  f° 


"  °fe  -  “fy 
r£fe>sJy 


The  stress  in  the  compression  and  tension  reinforcing  steel  can  be  found  from  Equa¬ 
tions  10  and  11,  which  assume  an  elastic-plastic  stress-strain  relationship. 

/;  =  £X  <  fy  EqlO 

f,  =  S  /,  Eq  11 

The  depth  to  the  neutral  axis  is  determined  by  summing  the  internal  beam  forces  to 
zero  and  maintaining  strain  compatibility.  Equation  12  can  be  solved  for  c  by  an 
iterative  process. 

c=AJS+Afffe-Asfs 

0-85  fjf 


Finally,  the  nominal  moment  capacity  must  be  multiplied  by  a  strength  reduction 
factor,  <f>,  to  account  for  the  required  reliability  and  ductility  of  the  member.  After 
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the  application  of  FRP,  the  ductility  of  the  member  is  often  reduced.  To  account  for 
this  effect,  the  strength  reduction  factor  is  based  on  the  strain  level  of  the  tension 
steel,  es,  at  the  ultimate  limit  state  according  to  Equation  13  and  illustrated  in  Fig¬ 
ure  7.  The  equations  for  <f>  are  based  on  the  guidelines  in  ACI 440. 


0.90 

0.20(f  -s  ) 

for 

es  >  0.005 

0.70  + 

\  s  y  / 

0.005  -ey 

for 

s  <  £.  <  0.005 

y  *> 

0.70 

for 

e,  <£y 

Eq  13 


Figure  7.  Strength  reduction  factor,  <f>. 

Moment-Curvature  Behavior  of  Rehabilitated  Frame  Members 

The  moment-curvature  relationship  for  R/C  members  strengthened  with  FRP  is  de¬ 
pendent  on  many  variables.  In  addition,  the  moment  varies  nonlinearly  with  the 
amount  of  curvature  in  the  member.  To  simplify  the  calculations  required  to  gener¬ 
ate  such  a  curve,  a  bilinear  relationship  as  shown  in  Figure  8  is  proposed. 

The  two  points  of  the  simplified  curve  are  the  yield  and  nominal  flexural  strength  of 
the  beam.  The  yield  strength  is  defined  as  the  smallest  curvature  that  initiates 
yielding  in  either  the  reinforcing  steel  or  FRP.  For  the  case  of  the  bottom  steel  rein¬ 
forcement  yielding  first,  the  stress  and  strain  distribution  at  My  is  shown  in  Figure 
9. 
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Curvature 


Figure  8.  Simplified  moment-curvature  relationship. 


Figure  9.  Stress-strain  distribution  at  My. 


Note  that  the  stress  distribution  in  the  concrete  is  linearly  proportional  to  the  strain 
at  this  point.  The  yield  strength  of  the  member  is  determined  by  summing  these 
forces  about  the  neutral  axis  as  shown  in  Equation  14.  The  nominal  moment  capac¬ 
ity  is  determined  as  before  from  Equation  3. 

'r-fc+A\f's{c-d')+AJy{d-c)+\i/fAfffXh-c )  forss  =sy,efe<sfy 
My  ^  ^  E<14 

^yfc+As  f's  {c-d')+  AJs{d-c)+y  fAff fy{h-c)  forsfe  =e#,es<ey 

The  associated  curvature  at  My  and  Mn  is  determined  from  Equations  15  and  16. 


22 


ERDC/CERL  TR-02-33 


Eq  15 


Eq  16 


Shear  Capacity  of  Rehabilitated  Frame  Members 

The  following  procedure  outlines  the  guidelines  recommended  by  ACI 440  in  order 
to  determine  the  shear  strength  of  R/C  members  strengthened  with  FRP.  Providing 
adequate  shear  strength  is  crucial  in  promoting  ductile  flexural  failure  modes.  The 
governing  equation  from  ACI  318  states  that  the  shear  capacity  must  exceed  the 
shear  demand  as  shown  in  Equation  17. 

Wn  *  K„  Eq17 

The  nominal  shear  strength  is  derived  from  three  components:  concrete,  steel,  and 
FRP.  The  FRP  contribution  is  multiplied  by  an  additional  strength  reduction  factor 
as  recommended  by  ACI  440.  These  relationships  are  illustrated  in  Equation  18. 

r.-Vc+Vs+V/Vf  Eq  is 

The  values  for  y/f  are  dependent  upon  the  wrapping  scheme  as  shown  in  Table  4. 

The  different  wrapping  schemes  are  illustrated  in  Figure  10.  Note  that  only  the 
FRP  bonded  to  the  sides  of  the  member  are  engaged  in  resisting  shear.  As  in  the 
recommendations  for  flexure,  however,  a  U-wrap  is  the  recommended  FRP  configu¬ 
ration. 


Table  4.  Values  of  ^for  shear  strengthening. 


Wrapping  Scheme 

Vf 

Fully-Wrapped 

0.95 

U-Wrap  or  2  sides 

0.85 
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Figure  10.  Effectiveness  of  FRP  in  shear  and  the  recommended  wrapping  scheme. 

The  FRP  contribution  to  shear  resistance  is  dependent  on  the  thickness,  width, 
depth,  spacing,  and  orientation  of  the  FRP.  The  shear  strength  is  given  by  Equa¬ 
tion  19,  while  the  area  of  FRP  shear  reinforcement  is  given  by  Equation  20.  In  ad¬ 
dition,  the  variables  affecting  shear  strength  are  illustrated  in  Figure  11. 

y  (sin  a  +  cos  cc)df  ^ig 

Afr  =  2ntfwf  Eq20 

The  effective  stress  in  the  FRP  is  dependent  on  the  effective  strain  and  is  found 
from  Equation  21. 

t  *  A0™**6*]  Eq21 

1  f fy  +  Ef2  V £fe  £fy  )  f°r  £fe  >  Sfy  ) 


Figure  11.  Variables  used  in  shear  strength  calculations. 
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The  effective  strain  utilized  depends  upon  the  wrapping  scheme  as  shown  in  Equa¬ 
tion  22.  The  strain  limitation  for  the  fully  wrapped  case  is  based  on  testing 
(Priestley  et  al.  1996).  For  U-wraps  and  FRP  bonded  on  two  sides  only,  delamina¬ 
tion  has  been  observed  prior  to  loss  of  aggregate  interlock.  Therefore,  bond  stresses 
should  be  analyzed  to  determine  an  achievable  effective  strain  level  (Triantafillou 
1998a, b,c). 


f 0.004  <  0.75s  fu  Fully  -  Wrapped 
ef=\  Eq  22 

‘  \kv£j-u  ^  0.004  U  -  Wraps  or  2  sides 

The  bond-dependent  coefficient  for  shear,  k>,  is  a  function  of  the  active  bond  length 
of  the  FRP  laminate,  the  depth  of  the  FRP  strip,  the  effective  strain  level,  the  stiff¬ 
ness  of  the  FRP,  and  the  concrete  strength.  Equations  23  through  26  can  be  utilized 
to  compute  the  bond-dependent  coefficient  (Khalifa  et  al.  1998). 

=  Kk?Le_  3 

v  468f  fu 


The  active  bond  length  is  calculated  using  Equation  24. 


Eq  24 


Two  modification  factors  are  used  to  determine  the  bond-dependent  coefficient. 
These  factors  are  a  function  of  the  concrete  strength,  the  active  bond  length,  and  the 
depth  of  FRP  shear  reinforcement.  Equations  25  and  26  are  used  to  compute  ki  and 
k,2. 


2 


(^4000  j 


k2 


for  U  -  wraps 


Eq  25 


Eq  26 


=  < 


for  2  sides  bonded 
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Axial  Compressive  and  Tensile  Strength  of  Rehabilitated 
Frame  Members 

In  traditional  R/C  design,  steel  stirrups  provide  the  necessary  confining  pressure  to 
support  large  axial  loads.  The  same  design  ideology  is  used  when  analyzing  R/C 
columns  rehabilitated  with  FRP.  The  following  assumptions  govern  the  design 
equations  for  axial  strength: 

1.  The  FRP  does  not  contribute  directly  to  the  compressive  strength  of  the  member. 

2.  The  FRP  fibers  aligned  transversely  to  the  longitudinal  axis  of  the  column  pro¬ 
vide  confining  pressure,  which  increases  the  apparent  compressive  strength  of 
the  concrete. 

Equation  27  gives  the  governing  design  equation  for  axial  compression.  The  nomi¬ 
nal  axial  load  capacity  of  an  R/C  column  strengthened  with  FRP  is  calculated  from 
Equation  28.  Note  that  the  FRP  does  not  contribute  directly  to  the  compressive 
strength.  ACI 440  recommends  using  an  additional  strength  reduction  factor  of  y/f= 
0.95. 


Eq  27 

P,^.KV,fPAs-A,)+frA, 

Eq  28 

The  term,  fee,  is  the  confined  concrete  compressive  strength  and  is  calculated  from 
Equation  29  (Mander  et  al.  1988). 


CC  J  C 


2.25  1  +  7.9 


f, 


-iA- 


fc  fc 


•1.25 


Eq  29 


The  confining  pressure  due  to  the  FRP  jacket,  fi,  is  found  from  Equation  30. 


fi  = 


KaPfefe^f\ 

2 


Eq  30 


The  effective  strain  in  the  FRP  should  be  limited  according  to  the  guidelines  in  ACI 
440  and  Equation  31. 


£fe  =  0.004  <  0.75£^,  Eq  31 

The  reinforcement  ratio,  pf,  and  the  efficiency  factor,  for  a  circular  section  is 
given  by  Equations  32  and  33  where  h  refers  to  the  diameter  of  the  member  and  Ka 
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is  an  efficiency  factor  for  noncircular  sections  and,  therefore,  should  be  taken  as 
unity.  FRP  confinement  is  the  most  efficient  for  circular  members;  therefore,  the 
efficiency  factor  is  set  to  unity. 


4  ntf 

P,=—^  Eq32 

The  reinforcement  ratio  for  noncircular  sections  may  be  calculated  using  Equation 
33. 


Pf  = 


2  ntf(b  +  h) 
bh 


Eq  33 


The  efficiency  factor  for  noncircular  sections  is  based  on  the  geometry,  aspect  ratio, 
and  configuration  of  steel  reinforcement.  This  factor  recognizes  that  non-circular 
members  confined  with  FRP  are  not  as  efficient  as  circular  ones  and  will  always  be 
less  than  unity.  Equation  34  (Restrepo  and  DeVino  1996)  should  be  used  to  calcu¬ 
late  Ka  for  aspect  ratios  (b/h)  less  than  or  equal  to  1.5.  For  aspect  ratios  greater 
than  1.5,  FRP  has  not  proven  to  provide  adequate  confinement  for  increases  in  com¬ 
pressive  strength. 


(ft  -  2r)2  +(h-  2r)2 
3bh(\-  pg) 


Eq  34 


The  longitudinal  reinforcement  ratio,  pg,  is  calculated  as  the  ratio  of  longitudinal 
steel  area  to  the  gross  area  of  the  member  (Eq  35). 


Eq  35 


The  variable  r  is  defined  as  the  radius  of  the  edges  of  the  section.  This  term  is  illus¬ 
trated  in  Figure  12  and  given  by  Equation  36. 


fb) 

2 

r/)Y 

l2J 

+ 

l2J 

r  = 


Eq  36 
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Figure  12.  Illustration  of  the  variable  r. 


The  governing  design  equation  for  tensile  strength  is  given  by  Equation  37.  The 
tensile  capacity  of  a  member  strengthened  with  FRP  is  directly  related  to  the  strain 
level.  Therefore,  the  tensile  strength  can  be  found  using  Equation  38,  where  the 
additional  FRP  strength  reduction  factor  is  the  same  for  axial  compression. 

<t>Tn  >  Tult  Eq  37 

t  =  {Aslfy+y,fAfE/}efe  farefe<efy  ^ 

\Astfy  +  W  f  A  f  \ffy  +  Ef2  {£fe  —  Efy  )]  f°r  Sfe  >  £fy 

The  effective  strain  in  the  FRP  can  be  determined  based  on  the  criteria  given  for 
shear  strengthening  given  in  Equations  23  through  26.  Per  ACI 440,  the  value  of  ki 
in  Equation  25  may  be  taken  as  unity,  and  a  minimum  bond  length  of  2 Le  is  recom¬ 
mended  to  develop  this  level  of  strain. 


Moment-Thrust  Interaction  of  Rehabilitated  Frame  Members 

The  moment-thrust  interaction  behavior  of  R/C  members  strengthened  with  FRP 
can  be  calculated  using  the  equations  presented  thus  far.  The  interaction  curve  is 
found  by  incrementing  the  depth  to  the  neutral  axis  at  ultimate  load  (ecu  =  0.003) 
and  resolving  the  internal  forces  at  each  step.  The  axial  force  at  each  increment  is 
the  sum  of  the  internal  beam  forces  while  the  moment  is  found  by  summing  the 
moment  of  these  forces  about  the  centerline  of  the  section.  Three  points  clearly  de¬ 
fine  the  moment-thrust  envelope:  Pn,  Mn,  and  Tn.  A  typical  interaction  curve  for  an 
R/C  column  rehabilitated  with  FRP  contrasted  with  a  plain  R/C  column  is  shown  in 
Figure  13. 
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Note  that,  slightly  above  the  balanced  failure  condition  (the  rightmost  point  on  the 
interaction  curve),  the  curves  for  the  bare  column  and  the  fully  wrapped  column 
merge.  This  is  due  to  the  assumption  made  earlier  that  only  the  FRP  on  the  tension 
face  of  the  member  is  effective  in  resisting  flexural  loads.  In  addition,  another  fac¬ 
tor  contributing  to  this  phenomenon  is  that  there  are  not  any  valid  equations  giving 
the  desired  transition  from  pure  axial  load  to  pure  flexural  load.  If  you  recall,  the 
equations  for  axial  capacity  were  derived  using  confined  concrete  theory,  while  the 
equations  for  flexure  rely  on  a  direct  stress-strain  relationship  to  determine  capac¬ 
ity.  For  any  point  on  the  interaction  curve  where  P  >  0  and  M  >  0,  there  is  a  combi¬ 
nation  of  resistance  due  to  concrete  confinement  and  direct  stress-strain  relation¬ 
ships  that  is  not  clearly  defined  at  this  time. 


Figure  13.  Moment-thrust  interaction  curve. 
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4  In-Plane  Strength  Evaluation  of  URM 
Infill  Rehabilitated  With  FRP 

Background 

The  transfer  of  lateral  forces  across  rehabilitated  infilled  frames  causes  nonuniform 
stress  distribution  within  the  infill  and  frame  elements.  As  the  lateral  forces  are 
increased,  the  stress  distribution  varies  until  failure  of  the  infill  occurs.  Failure  of 
the  infill  occurs  when  either  its  shear  or  compressive  strength  is  reached. 

The  expected  flexural  and  shear  strength  of  the  frame  elements  confining  the  infill 
panel  must  also  be  evaluated.  Column  and  beam  shear  and  flexural  strengths  must 
exceed  the  horizontal/vertical  components  of  the  force  required  for  failure  of  the  in¬ 
fill.  This  procedure  assures  failure  of  the  infill  before  failure  in  the  confining  frame 
occurs. 

The  lateral  load  capacity  of  rehabilitated  frame-infill  systems  should  be  found  using 
a  nonlinear  finite  element  program  that  captures  the  nonlinear  behavior  of  all  ma¬ 
terial  components:  masonry,  mortar,  concrete,  steel,  and  FRP.  Because  this  option 
is  not  available  or  is  impractical  in  most  situations,  however,  a  simpler  analytical 
method  is  proposed.  The  proposed  method  is  a  pushover  analysis  of  a  frame  con¬ 
taining  eccentric  equivalent  struts  that  represent  the  masonry.  The  method  can  be 
used  for  fully  infilled  frames  as  well  as  partially  infilled  and  perforated  masonry 
panels.  Using  eccentric  struts  in  this  global  analysis  will  yield  infill  effects  on  the 
column  directly,  which  will  negate  the  need  to  evaluate  these  members  locally.  This 
method  relies  on  the  development  of  plastic  hinges  to  capture  the  nonlinearities  of 
the  structural  system.  The  proposed  method  has  been  proven  to  give  reliable  re¬ 
sults  based  on  experimental  data  and  nonlinear  finite  element  analysis.  The  follow¬ 
ing  section  gives  a  general  outline  of  the  process  of  performing  a  pushover  analysis 
on  an  infilled  frame  rehabilitated  with  FRP. 
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General  Evaluation  Procedure  Using  Pushover  Analyses 

The  following  procedure  is  a  general  outline  of  what  is  required  by  standard  struc¬ 
tural  analysis  programs  in  order  to  perform  a  pushover  analysis.  More  or  less  in¬ 
formation  may  be  required  for  a  specific  program.  The  methodology  presented  for 
evaluating  the  capacity  of  infilled  frames  rehabilitated  with  FRP  is  based  on  the 
ERDC/CERL  report,  Evaluating  Strength  and  Stiffness  of  Unreinforced  Masonry 
Infill  Structures  (Al-Chaar  2002).  However,  multiplicative  factors  have  been  added 
to  account  for  the  effects  of  the  FRP. 

1.  Draw  Frame  Elements  with  the  geometry,  restraints,  and  material  properties 
found  in  the  existing  structure.  In  general,  the  required  material  properties  con¬ 
sist  of  f'c,  fy,  Ec,  and  Es.  Definitions  of  these  properties  are  given  in  the  glossary. 

2.  Draw  Equivalent  Struts  representing  the  infilled  panels  and  place  them  eccentri¬ 
cally  with  respect  to  the  columns.  This  eccentric  distance  is  referred  to  as  Icoiumn*. 
The  strut  thickness  should  be  the  same  as  the  net  thickness  of  the  infill  material 
it  represents.  The  width  of  the  equivalent  strut,  a,  should  be  calculated  according 
to  the  guidelines  in  this  chapter.  If  the  infilled  panel  is  either  partially  infilled  or 
perforated,  the  modifications  in  sections  on  partially  infilled  frames  and  perfo¬ 
rated  panels,  respectively,  must  be  applied.  Furthermore,  existing  infill  damage 
must  be  taken  into  account.  Any  rehabilitation  performed  on  the  masonry  infill 
such  as  bonding  FRP  overlay  to  the  infill  surface  should  be  taken  into  account  as 
well.  The  material  properties  that  should  be  assigned  to  the  strut  consist  of  Rstmt 
and  Em,  where  Rstmt  is  the  capacity  of  the  strut. 

3.  Assign  Plastic  Hinges  to  frame  members  with  the  load-deformation  behavior  ap¬ 
propriate  for  the  particular  structural  section  and  material.  For  beams,  the  plas¬ 
tic  hinge  should  identify  nonlinear  behavior  for  flexure  and  shear.  Specifically, 
the  flexural  hinge  should  be  based  on  the  moment-curvature  behavior  for  R/C 
members  rehabilitated  with  FRP  (Chapter  4).  The  shear  hinge  should  be  based 
on  the  capacity  defined  in  Chapter  5.  For  columns,  the  hinge  should  account  for 
the  interaction  between  axial  load  and  flexure  as  well  as  capture  the  nonlineari¬ 
ties  associated  with  shearing.  Chapter  6  can  be  used  to  obtain  the  moment- 
thrust  envelope  for  the  column.  For  plain  R/C  members,  the  hinge  properties 
may  be  calculated  using  the  guidelines  given  in  Section  6.4  of  FEMA  273.  The 


Symbols  referenced  in  this  section  are  defined  later  in  Chapters  7  and  8. 
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hinges  in  the  columns  should  be  located  at  a  minimum  distance  lodumn  from  the 
face  of  the  beam,  while  hinges  in  the  beam  should  be  located  at  a  minimum  dis¬ 
tance  Ibeam  from  the  face  of  the  column. 

4.  Assign  Plastic  Hinges  to  the  midspan  of  the  Eccentric  Equivalent  Struts  with 
load-deformation  characteristics  consistent  with  Figure  24  (page  40). 

5.  Assign  Rigid  End  Offsets  (REOs)  to  the  joints  of  the  frame  in  order  to  represent 
the  decreased  flexibility  of  the  frame  members  confined  by  infill.  The  REOs 
should  extend  from  the  joint  outward  along  the  beams  and  columns  until  a  plas¬ 
tic  hinge  is  intersected. 

6.  Apply  the  gravity  loads  as  initial  conditions  of  the  pushover  analysis.  The  load 
combinations  recommended  are  those  found  in  Equations  3-2  and  3-3  in  FEMA 
273.  The  lateral  loads  should  be  applied  in  a  manner  that  approximates  the  iner¬ 
tia  forces  in  the  design  earthquake.  The  recommended  inertia  force  distributions 
are  given  in  Section  3.3.3.2  of  FEMA  273. 

7.  Perform  the  Pushover  Analysis  using  any  member-unloading  method  to  obtain 
equilibrium  after  a  plastic  hinge  loses  capacity  due  to  excessive  deformation. 

Using  the  general  procedure  outlined  above,  an  engineer  can  reasonably  predict  the 
in-plane  capacity  of  rehabilitated  infilled  frames.  The  following  sections  describe 
the  evaluation  process  in  more  detail. 

Equivalent  Strut  Width 

In-plane  strength  predictions  of  infilled  frames  are  a  complex,  statically  indeter¬ 
minate  problem.  The  strength  of  a  composite-infilled  frame  system  is  not  simply 
the  summation  of  the  infill  properties  plus  those  of  the  frame.  Great  efforts  have 
been  invested,  both  analytically  and  experimentally,  to  better  understand  and  esti¬ 
mate  the  composite  behavior  of  masonry-infilled  frames.  Polyakov  (1960)  (work  dat¬ 
ing  back  to  the  early  1950s),  Stafford-Smith  (1962, 1966, 1969),  Mainstone  (1971), 
Klingner  and  Bertero  (1976, 1978),  to  mention  just  a  few,  formed  the  basis  for  un¬ 
derstanding  and  predicting  infilled  frame  in-plane  behavior.  Their  experimental 
testing  of  infilled  frames  under  lateral  loads  resulted  in  specimen  deformation 
shapes  similar  to  the  one  illustrated  in  Figure  14. 


32 


ERDC/CERL  TR-02-33 


Full  Contact 


Figure  14.  Specimen  deformation  shape. 

During  testing  of  the  specimens,  diagonal  cracks  developed  in  the  center  of  the 
panel,  and  gaps  formed  between  the  frame  and  the  infill  in  the  nonloaded  diagonal 
comers  of  the  specimens,  while  full  contact  was  observed  in  the  two  loaded  diagonal 
comers.  This  behavior,  initially  observed  by  Polyakov,  lead  to  a  simplification  in 
infilled  frame  analysis  by  replacing  the  masonry  infill  with  an  equivalent  compres¬ 
sive  masonry  stmt  as  shown  in  Figure  15. 

The  equivalent  masonry  stmt  of  width,  a,  with  same  net  thickness  and  mechanical 
properties  (such  as  the  modulus  of  elasticity  Em)  as  the  infill  itself,  is  assumed  to  be 
pinned  at  both  ends  to  the  confining  frame. 

The  evaluation  of  the  equivalent  width,  a,  varies  from  one  reference  to  the  other. 
The  most  simplistic  approaches  presented  by  Paulay  and  Priestley  ( 1992)  and  Angel 
et  al.  (1994)  have  assumed  constant  values  for  the  stmt  width,  a,  between  12.5  to  25 
percent  of  the  diagonal  dimension  of  the  infill,  with  no  regard  for  any  infill  or  frame 
properties.  Stafford-Smith  and  Carter  (1969),  Mainstone  (1971),  and  others,  de¬ 
rived  complex  expressions  to  estimate  the  equivalent  stmt  width,  a,  that  consider 
parameters  like  the  length  of  contact  between  the  column/beam  and  the  infill,  as 
well  as  the  relative  stiffness  of  the  infill  to  the  frame. 

The  expressions  used  in  this  report  have  been  adopted  from  Mainstone  (1971)  and 
Stafford-Smith  and  Carter  (1969)  for  their  consistently  accurate  predictions  of  in¬ 
filled  frame  in-plane  behavior  when  compared  with  experimental  results  (Mainstone 
1971;  Stafford-Smith  and  Carter  1969;  KHngner  and  Bertero  1978;  and  Al-Chaar 
1998).  The  masonry  infill  panel  will  be  represented  by  an  equivalent  diagonal  stmt 
of  width,  a,  and  net  thickness,  teff,  as  shown  in  Figure  16. 
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The  equivalent  strut  width,  a,  depends  on  the  relative  flexural  stiffness  of  the  infill 
to  that  of  the  columns  of  the  confining  frame.  The  relative  infill-to-frame  stiffness 
shall  be  evaluated  using  Equation  39  (Stafford-Smith  and  Carter  1969): 


XjH  =  H 


Emt  sin  20 

4 EjJhn 


Eq  39 


Using  this  expression,  Mainstone  (1971)  considers  the  relative  infill-to-frame  flexi¬ 
bility  in  the  evaluation  of  the  equivalent  strut  width  of  the  panel  as  shown  in  Equa¬ 
tion  40. 

-0.4 


a  =  0.175D(A,/f) 


Eq  40 
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If  there  are  openings  present,  existing  infill  damage,  and/or  FRP  overlay,  however, 
the  equivalent  strut  width  must  be  modified  using  Equation  41. 

amod  =  a(RiMR2)A  Eq  41 


Where: 

(Ri)i  =  reduction  factor  for  in-plane  evaluation  due  to  presence  of  openings  (Eq  44). 

(R2)i  =  reduction  factor  for  in-plane  evaluation  due  to  existing  infill  damage  (Table 
5,  page  37). 

=  strength  increase  factor  due  to  presence  of  FRP  overlay  (Table  6,  page  39). 

Although  the  expression  for  equivalent  strut  width  given  by  Equation  41  was  de¬ 
rived  to  represent  the  elastic  stiffness  of  an  infill  panel,  this  document  will  extend 
its  use  to  determine  the  ultimate  capacity  of  infilled  structures.  The  strut  will  be 
assigned  strength  parameters  consistent  with  the  properties  of  the  infill  it  repre¬ 
sents.  A  nonlinear  static  procedure,  commonly  referred  to  as  a  pushover  analysis, 
will  be  used  to  determine  the  capacity  of  the  infilled  structure. 

Eccentricity  of  Equivalent  Strut 

The  equivalent  masonry  strut  is  to  be  connected  to  the  frame  members  as  depicted 
in  Figure  17,  where  the  bold  double-sided  arrow  represents  the  location  of  the  strut 
in  the  structural  model.  The  infill  forces  are  assumed  to  be  mainly  resisted  by  the 
columns,  and  the  struts  are  placed  accordingly.  The  strut  should  be  pin-connected 
to  the  column  at  a  distance  Icoiumn  from  the  face  of  the  beam.  This  distance  is  defined 
in  Equations  42  and  43  and  is  calculated  using  the  strut  width,  a,  without  any  re¬ 
duction  factors. 


a 


1 column 


cos  6. 


column 


tan  ^ column 


a 

C0S  ^column 

l 


Eq  42 


Eq  43 


Using  this  convention,  the  strut  force  is  applied  directly  to  the  column  at  the  edge  of 
its  equivalent  strut  width,  a.  Figure  17  illustrates  this  concept. 
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Figure  17.  Placement  of  strut. 


Partially  Infilled  Frames 

In  the  case  of  a  partially  infilled  frame,  the  reduced  column  length,  Icoiumn,  is  equal  to 
the  unbraced  opening  length  for  the  windward  column,  while  Icoiumn  for  the  leeward 
column  is  defined  as  usual  (Figure  18).  The  strut  width  should  be  calculated  from 
Equation  40,  using  the  reduced  infill  height  for  hm  in  Equation  39.  Furthermore, 
the  only  reduction  factor  that  should  be  taken  into  account  is  (. R.2)i ,  which  accounts 
for  existing  infill  damage. 


Figure  18.  Partially  infilled  frame. 


Perforated  Panels 

In  the  case  of  a  perforated  masonry  panel,  the  equivalent  strut  is  assumed  to  act  in 
the  same  manner  as  for  the  fully  infilled  frame.  Therefore,  the  eccentric  strut 
should  be  placed  at  a  distance  Icoiumn  from  the  face  of  the  beam  as  shown  in  Figure 
19.  The  equivalent  strut  width,  a,  shall  be  multiplied,  however,  by  a  reduction 
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factor  to  account  for  the  loss  in  strength  due  to  the  opening.  The  reduction  factor, 
(Ri)i,  is  calculated  using  Equation  44. 


W,  =o.q 


(A  ) 

2 

(A  1 

open 

-1.6 

open 

A 

\  Apanei ) 

A 

\  ^  apanei  J 

+  1 


Eq  44 


Where: 

Aopen  =  area  of  the  openings  (in.2) 

Apanei  =  area  of  the  infill  panel  (in.2)  =  lxhm 

Note:  If  the  area  of  the  openings  (Aopen.)  is  greater  than  or  equal  to  60  percent  of  the 
area  of  the  infill  panel  (Apanei),  then  the  effect  of  the  infill  should  be  neglected,  i.e., 
(Ri)i  =  0. 


lb  '  hi 


Figure  19.  Perforated  panel. 


Note  that  reducing  the  strut  width  to  account  for  an  opening  does  not  necessarily 
represent  the  stress  distributions  likely  to  occur.  This  method  is  a  simplification  in 
order  to  compute  the  global  structural  capacity.  Local  effects  due  to  an  opening 
should  be  considered  by  either  modeling  the  perforated  panel  with  finite  elements  or 
using  struts  to  accurately  represent  possible  stress  fields  as  shown  in  Figure  20. 
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Figure  20.  Possible  strut  placement  for  perforated  panel. 


Existing  Infill  Damage 

Masonry  infill  panel  behavior  deteriorates  as  the  elastic  limit  is  exceeded.  For  this 
reason,  it  is  important  to  determine  whether  the  masonry  in  the  panel  has  exceeded 
the  elastic  limit  and,  if  so,  by  how  much.  The  extent  of  existing  infill  damage  can  be 
determined  by  visual  inspection  of  the  infill.  Existing  panel  damage  (or  cracking) 
must  be  classified  as  either:  no  damage,  moderate  damage,  or  severe  damage  as 
presented  in  Figure  21.  If  in  doubt  as  to  the  magnitude  of  existing  panel  damage, 
assume  severe  damage  for  a  safer  (conservative)  estimate.  A  reduction  factor  for 
existing  panel  damage  CR2);  must  be  obtained  from  Table  5.  Note  that,  if  the  slen¬ 
derness  ratio  (hm/t)  of  the  panel  is  greater  than  21,  (fr^i  is  not  defined  and  repair  is 
required.  For  panels  with  no  existing  panel  damage,  the  reduction  factor  CR2J;  must 
be  taken  as  1.0. 


Table  5.  In-plane  damage  reduction  factor. 


(R  2  )  i  for  Type  of  Damage 

hm/t 

Moderate 

Severe 

<21 

0.7 

0.4 

>21 

Requires  Repair 
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Figure  21.  Visual  damage  classification. 


Infill  Rehabilitated  With  FRP 

When  FRP  is  bonded  to  the  surface  of  masonry  infill,  the  strength  of  the  composite 
section  increases.  Figure  22  shows  several  different  bonding  schemes  used  to 
strengthen  masonry  walls. 

Depending  on  the  FRP  strip  orientation  and  the  number  of  layers  used,  a  different 
strength  increase  factor  for  FRP  must  be  utilized.  Based  on  research  performed  by 
ERDC,  a  table  of  FRP  strength  increase  factors,  £,  was  developed  (Table  6).  These 
factors  were  developed  from  testing  of  URM  panels,  with  fairly  uniform  aspect  ra¬ 
tios.  The  picture  frame  and  reinforced  picture  frame  FRP  strip  orientations  did  not 
yield  reliable  increases  in  strength  and,  therefore,  £  for  these  cases  should  be  taken 
as  unity. 
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Figure  22.  FRP  strip  orientation  used  on  masonry  walls. 


Table  6.  FRP  strength  increase  factors. 


FRP  Strip  Orientation 

#7 

2  Layer  Full  Coverage 

1.51 

1  Layer  Reinforced  X  Frame 

1.48 

1  Layer  Full  Coverage 

1.41 

2  Layer  X  Frame 

1.33 

1  Layer  X  Frame 

1.29 

1  Layer  H  Frame 

1.20 

Load-Deformation  Behavior  of  the  Eccentric  Equivalent  Strut 

The  eccentric  equivalent  strut  used  to  model  the  masonry  infill  is  pin-connected  to 
the  frame  elements  so  that  no  moment  transfer  occurs.  The  strength  of  the  strut  is 
determined  by  calculating  the  load  required  to  reach  masonry  infill  crushing 
strength  (Rcr)  (Equation  47)  and  the  load  required  to  reach  the  masonry  infill  shear 
strength  (ikw)  (Equation  48).  The  component  of  these  forces  in  the  direction  of  the 
equivalent  strut  will  be  used  to  assign  the  strut  a  “compressive”  strength.  This 
strength  is  defined  as  Rstmt  (Equation  45)  and  governs  the  strength  of  the  plastic 
hinge  in  the  strut: 

^,=minJ  f"  *  \  Eq45 

[Khear!^ strut] 
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I  AJ 

Z3  __  m  column  _ 

tan  &W  “ - j -  Eq  46 

where: 

6WrU<  =  the  angle  of  the  eccentric  strut  with  respect  to  the  horizontal,  given  by  Equa¬ 
tion  46  and  shown  in  Figure  23.  The  equivalent  strut  is  assumed  to  deflect  to 
nonlinear  drifts,  as  Figure  24  illustrates. 


Figure  23.  Geometry  of  6simt- 


Figure  24.  Load-deformation  behavior. 


The  parameter,  dm,  which  represents  the  nonlinear  lateral  drift  associated  with  the 
infilled  panel,  is  defined  in  Table  7-7  of  FEMA  273.  The  stiffness  of  the  strut  will  be 
governed  by  the  modulus  of  elasticity  of  the  masonry  material  (Em),  the  cross- 
sectional  area  ( amod  x  Us),  and  the  presence  of  any  FRP.  The  variable,  £2,  is  a  stiff¬ 
ness  increase  factor  for  FRP  based  on  research  performed  by  ERDC.  Table  7  gives 
different  stiffness  increase  factors  depending  on  the  FRP  pattern.  Recall  the  FRP 
patterns  illustrated  in  Figure  22. 
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Table  7.  FRP  stiffness  increase  factors. 


FRP  Pattern 

^2 

Full  Coverage 

1.53 

Reinforced  X-frame 

1.43 

Reinforced  Picture  Frame 

1.39 

H-frame 

1.27 

X-frame 

1,23 

Picure  Frame 

1.16 

Masonry  infill  crushing  strength 

The  masonry  infill  crushing  strength  corresponds  to  the  compressive  load  that  the 
equivalent  masonry  strut  can  carry  before  the  masonry  is  crushed  (Rcr).  The  applied 
load  that  corresponds  to  the  crushing  strength  of  the  infill  is  evaluated  using  Equa¬ 
tion  47. 


where: 

f  m  =  compressive  strength  of  the  masonry  (ksi) 
teff  =  net  thickness  of  the  masonry  panel  (in.) 

Masonry  infill  shear  strength 

The  shear  capacity  of  masonry  is  provided  by  the  combination  of  two  different 
mechanisms:  the  bond  shear  strength  and  the  friction  between  the  masomy  and 
the  mortar.  The  concept  of  the  bond  shear  strength  is  illustrated  in  Figure  25, 
where  a  typical  stair-stepped  shear  crack  is  approximated  by  a  single  shear  crack 
through  a  bed  joint.  This  simplification  is  valid  because  the  vertical  component  of 
the  stair-stepped  crack  will  be  in  tension,  and  its  contribution  to  the  shear  strength 
should  be  neglected.  Therefore,  the  horizontal  lateral  load  required  to  reach  the  in¬ 
fill  shear  strength  is  calculated  by  Equation  48. 

where: 

An  =  net  cross  sectional  mortar/grouted  area  of  infill  panel  along  its  length  (sq  in.)  = 

teff'l 
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Note:  Although  vertical  loads  on  infills  may  not  be  accurately  estimated,  20  percent 
of  the  normal  stress  may  be  assumed  to  be  resisted  by  the  infill  and  included  in  the 
friction  component  of  the  resisting  mechanism. 


Figure  25.  Shear  failure  of  masonry. 


Plastic  Hinge  Placement 

Plastic  hinges  in  columns  should  capture  the  interaction  between  axial  load  and 
moment  capacity.  These  hinges  should  be  located  at  a  minimum  distance  Icoiumn 
from  the  face  of  the  beam.  Hinges  in  beams  need  only  characterize  the  flexural  be¬ 
havior  of  the  member.  These  hinges  should  be  placed  at  a  minimum  distance  Ibeam 
from  the  face  of  the  column.  This  distance  is  calculated  from  Equations  49  and  50 
where  6  beam  is  the  angle  at  which  the  infill  forces  would  act  if  the  eccentricity  of  the 
equivalent  strut  was  assumed  to  act  on  the  beam  as  depicted  in  Figure  26. 


Although  the  infill  forces  are  assumed  to  act  directly  on  the  columns,  hinging  in  the 
beams  will  still  occur  and  Ibeam  is  a  reasonable  estimate  of  the  distance  from  the  face 
of  the  column  to  the  plastic  hinge. 

Shear  hinges  must  also  be  incorporated  in  both  columns  and  beams.  The  equivalent 
strut,  however,  only  needs  hinges  that  represent  the  axial  load.  This  hinge  should 
be  placed  at  the  midspan  of  the  member.  In  general,  the  minimum  number  and 
type  of  plastic  hinges  needed  to  capture  the  inelastic  actions  of  an  infilled  frame  are 
depicted  in  Figure  27. 
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|  Axial-Moment  and  Shear  Hinge 
•ff  Moment  and  Shear  Hinge 
•  Axial  Hinge  Only 

Figure  27.  Plastic  hinge  placement. 

Although  lateral  loading  generally  leads  to  hinge  formation  near  the  end  of  a  mem¬ 
ber,  inelastic  deformation  may  occur  at  other  locations,  especially  when  large  grav¬ 
ity  loads  are  present.  Therefore,  the  possibility  of  hinging  near  midspan  must  not 
be  overlooked.  In  addition,  the  engineer  is  allowed  to  place  hinges  differently  if  the 
placement  is  justified  and  good  engineering  judgment  is  used. 
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Rigid  End  Offsets 

The  frame  elements  surrounding  a  panel  containing  an  equivalent  strut  in  the 
mathematical  model  described  thus  far  will  be  more  flexible  than  the  actual  struc¬ 
ture.  This  is  due  to  the  lack  of  confinement  provided  by  the  strut  to  the  frame  ele¬ 
ments  relative  to  an  infilled  frame.  To  counteract  this  effect,  it  is  recommended 
that  REOs  be  placed  on  the  frame  members  surrounding  an  infilled  panel.  For 
beams  surrounding  infilled  panels,  REOs  should  be  used  from  the  beam/column 
joint  to  a  distance  of  beam  from  the  face  of  the  column.  For  columns  surrounding  in¬ 
filled  panels,  REOs  should  be  placed  from  the  beam/column  joint  to  a  distance  oiboi- 
umn  from  the  face  of  the  beam.  These  distances  also  correspond  to  the  locations  of 
the  beam  and  column  plastic  hinges.  The  beam  or  column  is  therefore  assumed  to 
be  rigid  up  to  the  point  of  the  plastic  hinge.  Figure  28  shows  the  placement  of  REOs 
(shown  in  black)  for  an  infilled  frame. 


Figure  28.  Rigid  end  offset  placement. 


Loading 

The  mathematical  model  should  be  subjected  to  monotonically  increasing  lateral 
loads  until  the  maximum  displacement  of  the  design  earthquake  is  reached  or  a 
failure  mechanism  forms.  The  target  displacement  should  be  calculated  following 
the  procedure  in  Section  3.3.3. 3  of  FEMA  273.  Gravity  loads  should  be  applied  as 
initial  conditions  prior  to  the  earthquake  loadings.  The  load  combinations  that 
should  be  used  are  given  by  Equations  3-2  and  3-3  in  FEMA  273. 

Lateral  loads  should  be  applied  in  a  manner  that  approximates  the  inertia  forces  in 
the  design  earthquake.  It  is  recommended  that  a  minimum  of  two  different  inertia 
force  distributions  be  used  in  order  to  capture  the  worst-case  design  forces.  The  rec¬ 
ommended  inertia  force  distributions  are  given  in  Section  3. 3. 3.2  of  FEMA  273. 
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5  In-Plane  Stiffness  Evaluation  of  URM 
infill  Rehabilitated  With  FRP 

The  following  procedure  should  be  used  to  resolve  the  stiffness  of  structures  con¬ 
taining  fully  infilled  panels,  partially  infilled  panels,  and/or  perforated  masonry 
panels  rehabilitated  with  FRP.  This  method  relies  on  exploiting  the  pushover  curve 
generated  by  the  structural  analysis  program  for  capacity  evaluation.  The  pushover 
curve  must  be  modified,  however,  to  accurately  represent  displacements.  Modifica¬ 
tions  must  be  made  in  order  to  increase  the  initial  stiffness  and  reduce  the  dis¬ 
placement  at  ultimate  load  since  the  use  of  an  equivalent  strut  in  the  pushover 
analysis  yields  mathematical  models,  which  are  more  flexible  than  experimental 
models. 

The  general  procedure  for  correcting  the  pushover  curve  consists  of  approximating 
the  curve  with  a  bilinear  load- deflection  relationship.  The  slopes  of  both  segments 
of  the  bilinear  curve  are  then  increased  while  keeping  the  yield  and  ultimate  loads 
constant.  In  effect,  the  values  for  initial  stiffness  and  displacement  at  ultimate  are 
modified  to  more  reasonable  values. 


Bilinear  Load-Deflection  Behavior 

The  bilinear  load-deflection  curve  is  defined  by  three  points:  the  origin,  the  yield 
load  and  displacement  ( Vy  and  A^),  and  the  ultimate  load  and  displacement  ( Vu  and 
Au).  The  yield  load,  as  used  within  this  report,  does  not  refer  to  any  specific  mate¬ 
rial  yielding,  but  only  to  signify  a  change  in  stiffness  represented  by  the  bilinear 
load-deflection  curve.  The  bilinear  curve  is  also  defined  by  two  stiffnesses,  Ky  and 
Ku,  which  are  the  slopes  of  the  initial  and  final  portions  of  the  curve.  The  bilinear 
curve  should  be  drawn  in  a  manner  that  minimizes  the  deviations  from  the  actual 
pushover  curve  as  shown  in  Figure  29. 
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Once  the  bilinear  curve  has  been  drawn,  it  must  be  modified  to  increase  the  initial 
stiffness  and  decrease  the  displacement  at  ultimate  load  to  more  reasonable  values. 
The  yield  and  ultimate  loads  are  held  constant  while  and  Ku  are  increased  to  Ki 
and  Kf,  respectively.  K\  represents  the  actual  initial  elastic  stiffness  of  the  infilled 
structure,  while  ifr represents  the  final  stiffness  (i.e.,  the  stiffness  from  the  yield 
load  to  the  ultimate  load).  Figure  30  shows  the  modified  bilinear  load-deflection 
curve.  Ay  represents  the  modified  displacement  at  yield,  while  Au'  represents  the 
actual  displacement  of  the  infilled  structure  at  ultimate  load. 


Figure  30.  Modified  load-deflection  curve. 
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The  modified  bilinear  curve  better  represents  the  initial  stiffness  and  displacement 
at  ultimate  load  for  the  infilled  structure.  The  procedure  for  determining  K and  Kf, 
as  well  as  the  rationale  for  such  modifications,  is  discussed  in  the  following  section. 


Determination  of  K/  and  Kf 

The  pushover  curve  of  a  masonry-infilled  structure  that  is  modeled  with  eccentric 
equivalent  struts  and  used  to  determine  the  capacity  will  result  in  stiffnesses  that 
are  too  low  relative  to  experimental  results.  The  initial  stiffness  is  too  small  and 
the  displacement  at  ultimate  is  too  large.  These  results  stem  from  the  approxima¬ 
tion  when  using  an  equivalent  strut  to  represent  a  masonry-infilled  panel. 

The  equation  used  to  calculate  the  equivalent  strut  width  for  determining  the  capac¬ 
ity  of  the  infill  panel  is  based  on  a  more  conservative  approach  by  Mainstone  (1971), 
which  estabhshes  a  lower  bound  of  the  expected  elastic  stiffness  of  the  infill  (shown 
by  the  lower  curve  in  Figure  31).  Mainstone  (1971)  only  considered  the  relative  in- 
fill-to-frame  flexibility  in  the  evaluation  of  the  equivalent  strut  width  of  the  panel. 
Upper  bound  estimates  for  elastic  stiffness,  according  to  Stafford-Smith  and  Carter 
(1969),  vary  not  only  with  the  relative  infill-to-frame  stiffness  but  also  with  the  as¬ 
pect  ratio  of  the  panel  (1/hm)  as  illustrated  in  Figure  31  (for  1/hm  =  1.0,  1.5,  2.0,  and 
2.5).  The  largest  possible  values  for  a/D  correspond  to  panels  with  aspect  ratios  {1/ 
hm )  of  1.0.  For  1/hm  ratios  smaller  than  1.0,  the  inverse  of  the  ratio  should  be  used  to 
determine  the  equivalent  strut  width. 


Figure  31 .  Upper  /  lower  limit  strut  width. 
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Equivalent  strut  width  estimates  by  Stafford-Smith  and  Carter  (1969)  may  also  be 
obtained  using  Equations  51  and  52,  for  panels  with  panel  aspect  ratios  greater 
than  or  equal  to  1.5.  For  aspect  ratios  of  1.0,  Equation  53  must  be  used.  Linear  in¬ 
terpolation  is  allowed  for  panel  aspect  ratios  between  1.0  and  1.5. 


f 


<z  =  0.0835CD 


1+ 


V 


2.574 

XjH 


Eq  51 


C  = 


-0.3905 


f£j  + 1.7829 


Eq  52 


( 


a  =  0.1106Z) 


1  + 


6.027^ 

V*, 


Eq  53 


From  Figure  31,  for  aspect  ratios  between  1.0  and  1.5,  Mainstone  (1971)  underesti¬ 
mates  the  strut  width,  a,  by  a  significant  amount.  As  the  aspect  ratio  increases  past 
1.5,  the  difference  in  strut  width  estimates  between  Mainstone  (1971)  and  Stafford- 
Smith  and  Carter  (1969)  decreases.  Therefore,  the  initial  bilinear  stiffness,  Ky, 
found  from  the  pushover  analysis  and  based  on  equations  from  Mainstone  (1971), 
must  be  corrected  to  account  for  the  inadequate  stiffness  provided  by  the  strut  cal¬ 
culated  from  Equation  40.  The  following  two  methods  are  proposed  to  increase  the 
initial  stiffness. 

The  first  method  increases  the  existing  Kyby  a  factor  of  three,  but  is  applicable  only 
for  infill  panels  with  an  aspect  ratio  between  0.67  and  1.5.  This  assumption  allows 
the  engineer  to  use  the  existing  data  obtained  from  the  pushover  analysis  and  avoid 
creating  another  mathematical  model.  The  factor  of  three  accounts  for  the  differ¬ 
ence  in  strut  width  estimates  found  by  Mainstone  (1971)  compared  to  Stafford- 
Smith  and  Carter  (1969).  Note:  This  method  is  only  an  approximation.  It  is  sug¬ 
gested  to  verify  the  calculated  stiffness  by  following  the  second  procedure  discussed 
next. 

The  second  method  can  be  used  for  any  aspect  ratio,  but  mustbe  used  for  aspect  ra¬ 
tios  less  than  0.67  or  greater  than  1.5.  This  method  uses  the  equations  by  Stafford- 
Smith  and  Carter  (1969)  to  calculate  a  strut  width  (Eq  51-53).  Using  these  strut 
widths,  a  new  mathematical  model  must  be  constructed  and  the  elastic  stiffness  of 
this  model  should  be  used  as  the  initial  elastic  stiffness  of  the  infilled  structure. 
This  stiffness  is  referred  to  as  Kssc  and  represents  the  initial  elastic  stiffness  de¬ 
termined  by  Stafford-Smith  and  Carter  (1969).  The  two  methods  are  summarized 
in  Equation  54. 
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[  / 

3 Ky  (0.67  <-<  1.5) 

K, ,.  =  •  Eq  54 

t) 

l  h 

The  final  stiffness  must  also  be  increased  in  order  to  reduce  the  displacement  at  ul¬ 
timate  load  to  more  reasonable  values.  Increasing  the  secondary  stiffness  from  the 
pushover  Ku  by  a  factor  of  two  along  with  increasing  the  initial  stiffness  to  K  and 
keeping  the  yield  and  ultimate  loads  constant  led  to  displacement  at  ultimate  load, 
which  matched  experimental  values  fairly  well.  The  relationship  for  ifris  expressed 
in  Equation  55. 

Kf  =  2 Ku  Eq  55 

Using  the  calculated  values  for  K  and  K,  the  modified  bilinear  load-deflection  rela¬ 
tionship  should  reasonably  predict  the  initial  stiffness  (K),  ultimate  load  capacity 
( Vu ),  and  displacement  at  ultimate  load  (Au')  of  the  infilled  structure. 
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6  Summary 

This  project  presented  guidelines  for  evaluating  strength  and  stiffness  of  unrein¬ 
forced  masonry  (URM)  infill  panels  rehabilitated  with  FRP  and  subjected  to  lateral 
forces.  Based  on  experimental  and  computational  research  performed  at  ERDC,  the 
guidelines  include  a  number  of  empirically  based  relationships  for  estimating 
strength  and  stiffness  of  infill  panels  subjected  to  lateral  forces.  The  guidelines  give 
the  engineer  a  strength-based  alternative  to  FEMA  273  (a  performance-based 
method),  which  should  also  result  in  safe  and  economical  construction. 

The  information  compiled  in  this  report  was  written  following  a  logical  sequence  in¬ 
tended  to  help  the  engineer  in  the  structural  evaluation  process.  First,  it  outlined 
the  steps  that  must  be  followed  to  obtain  all  the  required  material  and  geometrical 
properties  of  the  structure  to  be  evaluated.  The  next  chapters  presented  the  load 
and  deformation  characteristics  of  R/C  members  strengthened  with  FRP.  Next,  the 
in-plane  strength  and  stiffness  evaluation  procedures  were  shown  for  the  lateral- 
force  resisting  system  consisting  of  infilled  frames  rehabilitated  with  FRP. 

The  evaluation  procedures  presented  in  this  report  (based  on  life-safety  perform¬ 
ance)  are  applicable  to  all  building  structures  that  have  been  constructed  with  R/C 
frames  and  walls  that  consist  of  infill  panels  constructed  of  solid  clay  brick,  concrete 
block,  and  hollow  clay  tile  masonry.  These  types  of  structures  correspond  to  Build¬ 
ing  type  10  as  defined  in  Chapter  2  and  in  accordance  with  FEMA  310. 
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Appendix  A:  3x3  Full-Scale  Example 

This  illustrative  example  details  the  procedure  for  estimating  the  ultimate  base 
shear  capacity,  deflection  at  ultimate  capacity,  and  initial  stiffness  for  an  infilled 
R/C  frame  rehabilitated  with  FRP  using  a  pushover  analysis. 

This  example  structure  is  a  full-scale,  3-story  3-bay  R/C  frame  rehabilitated  with 
FRP.  The  frame  is  partially  infilled  with  door  and  window  openings  in  the  lower 
left  panel,  with  the  remainder  of  the  panels  fully  infilled.  The  infill  has  been  reha¬ 
bilitated  with  FRP  using  X  frame  strip  orientation  on  every  fully  infilled  panel, 
while  the  perforated  panel  used  picture  frame  orientation.  The  columns  have  been 
fully  wrapped  with  FRP  and  the  T-beams  have  been  U-wrapped.  The  structure  is 
assumed  to  be  new,  with  no  existing  infill  damage.  Figure  A.1  shows  an  elevation 
view  of  the  frame,  while  Table  A.1  lists  the  dimensional  and  physical  properties  of 
the  frame,  FRP,  infill  panel,  and  openings. 


Figure  A.1.  Elevation  view  of  building. 
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Table  A.1.  Properties  of  the  frame,  FRP,  infill,  and  openings. 
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Step  1.  Determine  the  FRP  Design  Strength  Curve 

Figure  A.1  shows  the  average  FRP  stress-strain  curve,  which  was  determined  from 
testing  FRP  coupons. 


Figure  A.1.  Average  FRP  stress-strain  curve. 


Once  determining  the  average  FRP  stress-strain  characteristics,  a  bilinear  repre¬ 
sentation  of  the  curve  should  be  constructed.  Figure  A. 2  shows  the  yield  and  ulti¬ 
mate  rupture  strain  of  the  FRP  as  well  as  the  initial  and  secondary  moduli. 
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Figure  A.2.  Bilinear  FRP  stress-strain  curve. 


The  FRP  system  being  used  in  this  example  is  carbon/epoxy  used  in  the  interior  of 
the  building.  Therefore,  the  value  of  Ce\ s  0.95  from  Table  2.  Using  this  value,  the 
FRP  properties  to  be  used  in  the  structural  evaluation  can  be  determined  (Eq  A.1). 
The  resulting  FRP  design  strength  curve  is  shown  in  Figure  A.3. 

ffy  =  0.95  *  8.25  =  6.19  efy  =  0.95  *  0.0085  =  0.0064 

fp  =  0.95  *  10. 17  =  9.66  £ ^  =  0.95  *  0.0490  =  0.0465  Eq  A-1 


Figure  A.3.  FRP  design  strength  curve. 
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Step  2.  Determine  the  Moment-Curvature  Behavior 


Once  the  FRP  design  strength  curve  has  been  generated,  the  nominal  moment  ca¬ 
pacity  can  be  determined.  Equations  4-12  must  be  solved  simultaneously  to  main¬ 
tain  equilibrium  and  strain  compatibility.  Then  Equation  3  can  be  used  to  calculate 
Ma.  For  the  example  problem,  Equation  A.2  yields  the  nominal  moment  capacity. 


Mn  =  0.93  *  60  *  (1 5.5  -  0.3 1)  + 1 .6  *  (-1 5.8)  *  (0.3 1-1.5) 

+  0.95  *  0. 1 87  *  7.4  *  (1 7  -  0.3 1)  +  0.85  *  5.575  *  0.77  *  0.3 1  *  72  * 
=  950  k  -  in. 


f  0.77^ 


v 


Eq  A.2 


) 


Next,  the  flexural  yield  point  of  the  member  can  be  determined  using  Equation  14 
and  the  stress-strain  distribution  in  Figure  9.  Therefore,  My,  for  this  example,  is 
calculated  from  Equation  A.3. 

72*1  562 

=  ,£f_L£g_  *  o  .994  +  1.6*  0.25  *  (1 .56  -1.5)  +  0.93  *  60  *  (1 5.5  - 1 .56) 

y  3  V  '  V  '  EqA.3 

+  0.95  *  0. 1 87  *  2.23  *(17-1.56)  =  843  k  -  in. 


The  curvature  at  yield  and  nominal  moment  are  given  by  Equations  15  and  16. 
Equations  A.4  and  A.5  show  these  calculations  for  the  example  problem. 


=  °-0021  =1,51*10-4  radjin 

Vy  15.5-1.56 


Eq  A.4 


<f>  =  — — — — —  =  5.02  *  10  4  rad  I  in. 
Yn  15.5-1.56 


Eq  A.5 


Using  these  values,  a  simplified  moment-curvature  graph  can  be  constructed  as 
shown  in  Figure  A.4. 
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Figure  A.4.  Moment-curvature  behavior. 


Step  3.  Determine  Shear  Capacity 

The  first  step  in  determining  shear  capacity  of  the  rehabilitated  frame  members  is 
to  determine  the  concrete  and  steel  contributions  as  shown  in  Equations  A.  6  and 
A.7.  The  steel  shear  reinforcement  consists  of  #3  bars  at  10-in.  spacing. 


Vc  =  2bwdjf\  =  2  *  10  *  15.5  *  =  23.15  kips 


1000 


Eq  A.6 


V.  = 


AJjd  2*0.11*60*15.5 
■  s  10 


=  20.46  kips 


Eq  A.7 


The  following  steps  illustrate  how  to  determine  the  FRP  contribution  to  shear  resis¬ 
tance.  Equation  A.8  determines  the  area  of  FRP  shear  reinforcement,  while  Equa¬ 
tion  A.9  computes  the  effective  stress  in  the  FRP.  The  effective  strain  in  the  FRP  is 
taken  as  the  recommended  value  of  0.004. 


Ap  =  2  ntf  wf  =2*1*  0.026  *  12  =  0.624  sq  in  Eq  A.8 


ffe  =  Eflefu  =971*  0.004  =  3.884  ksi  Eq  A.9 

The  FRP  contribution  to  shear  strength  can  now  be  found  using  Equation  A.  10. 
Since  the  FRP  was  bonded  to  the  members  as  one  continuous  strip,  the  width  and 
spacing  of  the  FRP  were  set  to  the  same  arbitrary  value,  in  this  case  12  inches.  In 
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addition  the  slab  thickness  was  6  in.,  so  the  depth  of  the  FRP  was  9.5  in.  (15.5  iii.  - 
6  in.). 

0.85  A  ft  ff  (sin  a  +  cosa)d }  0.85*0.624*3.884*1*9.5  , 

y/fvf  = - — - -  - -  =  1 .63  kips  Eq  A.io 


The  nominal  shear  capacity  can  now  be  computed  using  Equation  A.  11. 

V„  =Vc+K+^/V/  =23.15  +  20.46  +  1.63  =  45.24  kips  EqA.il 


Step  4.  Determine  Moment-Thrust  Interaction 

To  determine  the  moment-thrust  interaction,  the  nominal  axial  capacity  must  be 
computed.  The  first  step  is  to  calculate  the  radius  of  the  edges  of  the  section  as 
shown  in  Equation  A.  12. 


r  = . 


bY  ( h * 


+l2J 


10 

Tj  + 


17 


=  9.86  in 


Eq  A.12 


V 


The  longitudinal  steel  reinforcement  ratio  must  also  be  found  using  Equation  A.  13. 


Ps  = 


—  — =  — — —  =  0.01035 
As  170 


Eq  A.13 


Using  these  two  parameters,  the  efficiency  factor  for  confinement  can  be  calculated 
following  Equation  A.  14. 


K.  =  1- 


(fc-2r)2+(/t-2r)2 

3  bh(l-pg) 


(10-2*9. 86)2  +(17-2*9.86)2 
3*10*17(1-0.01035) 


0.798  Eq  A.14 


Since  the  columns  in  this  example  are  rectangular,  the  reinforcement  ratio  for  non¬ 
circular  sections  must  be  used  (Eq  A.  15). 


Pf  = 


_  2ntf(b  +  h)  _  2*1*0.0026(10+17) 


bh 


10*17 


=  0.000826 


Eq  A.15 


Now,  the  confining  pressure  due  to  the  FRP  jacket  can  be  determined  from  Equa¬ 
tion  A.  16.  Note  that  the  effective  strain  used  was  0.004  as  recommended  by  ACI 
440. 
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f  =  W/,£,,  _  0.798*0.000826*0.004*971  _00012g  EqA,6 
1  2  2 


Next,  the  confined  concrete  compressive  strength  can  be  calculated  following  Equa¬ 
tion  A.17. 


fee  =fe 


=  5.575 


2.25  1  +  7.9A-2A-1.25 

V  fc  fc 


J.25Jl  +  7.9— 
V  5. 


00128  0.00128  1 25 


575  5.575 


Eq  A.17 


=  5.583  fcst 


Finally,  the  nominal  axial  compression  capacity  can  be  calculated  using  Equation 
A.  18. 


P,=0.85r,/'«(AS-Aj+/,A„ 

=  0.85  *  0.95  *  5.583(170  - 1 .76) + 60  *  1 .76  =  864  kips 


Now  that  the  compressive  strength  has  been  determined,  the  nominal  axial  tension 
capacity  should  be  found  using  Equation  A.  19.  Again,  note  that  the  effective  strain 
used  was  the  recommended  value  of  0.004  from  ACI 440. 

Tn  =  Astfy  +  ysfAfEfl£fe  =1.16*60  +  0.95*0.1404*911*0.004  =  106  kips  EqA.19 

Once  the  nominal  compressive,  tensile,  and  flexural  capacities  have  been  deter¬ 
mined,  the  remaining  points  on  the  interaction  diagram  can  be  found.  Figure  A.  5 
shows  the  interaction  diagram  for  the  example  problem. 
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Step  5.  Determine  Properties  of  Equivalent  Strut 

After  modeling  the  frame,  the  equivalent  eccentric  diagonal  struts  are  added  to  rep¬ 
resent  the  masonry  infill.  Since  most  of  the  panels  are  fully  infilled,  the  struts 
should,  at  first,  be  designed  to  represent  full  infill  panels,  then  multiplied  by  a 
proper  reduction  factor  to  account  for  any  openings  in  the  infill  panel. 


The  equivalent  strut  width  is  evaluated  by  first  using  Equation  39  to  calculate  the 
parameter  X\H,  as  shown  in  Equation  A.20.  faHis  then  inserted  into  Equation  40 
to  determine  the  equivalent  strut  width,  a,  as  illustrated  in  Equation  A.21.  Since 
the  infill  panels  are  assumed  to  be  undamaged,  .ft?  is  taken  to  be  1.0. 


\ H  =  120 


2200  *8*  sin(2*  0.943) 
4*4300*3413*104.5 


ih 


=}  \H  =  4.877 


Eq  A.20 


a  =  0.175  *177.92(4.877)  °'4 
=>  a  =  1 6.52  in. 


Eq  A.21 


Next,  the  eccentric  placement  for  the  strut  must  be  determined  by  calculating  the 
distance  ( [lcoiumn ).  The  distance  ( lcoiumn )  is  found  by  simultaneously  solving  Equations 
42  and  43  for  lcoiumn  and  Ocoiuan,  as  shown  in  Equation  A22. 


/ 


16.52 


column 


C0SW column ) 


104.5 

column^ - 


16.52 

column  \ 
144 


=*  ‘column  = 1920  in‘ 
=>  ® column  =  °'535  rad 


Eq  A.22 


The  equivalent  diagonal  struts  should  therefore  be  placed  at  a  distance  of  19.20  in. 
along  the  column  from  the  beam-column  joints  with  moment  releases  at  each  end. 
The  strut  should  be  defined  as  a  concrete  material  with  the  same  material  proper¬ 
ties  as  the  masonry  panel. 
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Next,  a  strut  reduction  factor,  (Ri)i,  is  applied  to  represent  the  bottom-left  panel 
with  door  and  window  openings.  This  factor  is  computed  using  Equation  44,  as 
shown  in  Equation  A.23. 


(*,),=  0.6 


4598 


f  4598  ^ 


15048 
M  =0.567 


-1.6 


15048 


+  1.0 


Eq  A.23 


Then  the  modified  strut  width  is  calculated  from  Equation  41,  as  shown  in  Equation 
A.24.  Note  that  the  value  for  the  FRP  strength  increase  factor,  £/,  was  1.48  (taken 
from  Table  5). 


amod  =16.52*  (0.567)  *  (1 .0)  *  (1 .48) 

=>  ^mod  =  13.86  in. 


Eq  A.24 


Next,  plastic  hinges  are  defined  to  represent  possible  failure  points  for  the  frame. 
Hinges  controlled  by  the  combination  of  axial,  moment,  and  shear  forces  are  placed 
at  a  distance  (lcoiumn)  from  the  joints  along  the  columns.  Conversely,  hinges  along 
the  beam  account  for  only  moment  and  shear  forces,  and  are  placed  at  a  distance 
(beam)  from  the  joints.  This  distance  (beam)  is  calculated  by  simultaneously  solving 
Equations  49  and  50,  as  shown  in  Equation  A.  25. 


I  beam 


16.52 


tan  (9beam)  = 


104.5 


144 


16.52 

sHObeam) 


heam  ~  25.03  in. 
=>  0beam  =  0.121  rad 


Eq  A.25 


Axial  hinges  are  placed  at  the  midpoints  of  the  struts.  Figure  A.6  shows  the  hinge 
types  and  placement  around  a  generic  panel. 
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Upon  placement  of  the  hinges,  the  capacity  of  the  strut  hinges  ( Rstrut )  should  be 
computed.  The  compressive  strength  ( Rstrut )  should  be  calculated  using  Equations 
45  -  48,  as  illustrated  in  Equations  A.  26  -  A.  29. 

Rc  =13.86*1.88*2.505 

Eq  A.26 

=>  Rcr  =  65.3  kips 


*^-270.7*0.265*1*1 

=>  Khear  =  71.7  kiPS 


tan(  0 strut)  = 

® strut 


104.5-2*19.20 
144 
=  24.66° 


Eq  A.27 


Eq  A.28 


R^„  =  min 


77.8  kips 
71.7, 


cos(24.66°)  “  78,9  kipS 


Ktrut  =  77.8  kips 


Eq  A.29 


Next,  rigid  end  offsets  (REOs)  are  placed  to  increase  the  rigidity  of  the  joints,  as 
well  as  ensure  that  the  maximum  stresses  computed  are  located  at  the  defined  plas¬ 
tic  hinges.  The  REOs  should  have  a  rigid  zone  factor  of  one  and  span  from  the  beam 
column  joints  outward  to  a  distance  ( lbea. m)  along  the  beams  and  a  distance  ( lcoiumn ) 
along  the  column. 
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Finally,  the  load  and  pushover  cases  are  defined.  The  pushover  is  defined  using  the 
local  redistribution  member  unloading  method,  with  gravity  loads  as  an  initial  con¬ 
dition.  The  inertia  force  distribution  used  for  this  example  is  an  inverted  triangle. 
Although  more  than  one  inertia  force  distribution  is  recommended,  for  simplicity 
only  one  is  used  in  this  example. 


Step  6:  Analyze  Results 

After  running  the  static  pushover  analyses,  the  lateral  load  capacity  is  determined 
to  be  269  kips.  The  pushover  curve  is  illustrated  in  Figure  A.7. 


Figure  A.7.  Case  I  pushover  curve. 


The  next  step  is  to  simplify  the  pushover  curve  as  a  bilinear  curve  with  initial  and 
post-yield  stiffness  values,  as  well  as  well-defined  yield  and  ultimate  values.  Figure 
A.8  shows  a  plot  of  the  original  pushover  curve  and  its  corresponding  bilinear 
estimation. 
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Figure  A.8.  Bilinear  estimation. 


Also  shown  in  Figure  A.8  are  the  initial  and  post-yield  bilinear  stiffness  values  for 
the  estimated  curve.  For  this  example,  it  is  satisfactory  to  use  the  initial  stiffness 
value  predicted  using  the  Mainstone  (1971)  equations  since  the  aspect  ratio  (l/ft)  of 
the  panels  in  this  frame  is  1.38  (between  0.67  and  1.5). 

The  modified  initial  and  post-yield  stiffness  are  found  from  Equations  54  and  55. 
The  values  of  ^ and  for  the  example  problem  are  computed  from  Equations  A.30 
and  A.31.  Note  that  the  Stafford-Smith  and  Carter  (1969)  equivalent  strut  width  in 
Equation  54  could  also  be  used  as  an  alternate  value  for  Ki 

Kt  =3*524  =  1572  k /in.  EqA.30 

Kj  =2*253  =  506  k/  in.  EqA.3i 

Assuming  the  value  for  R i  to  be  1,572  k/in.,  the  new  stiffness  values  are  then  ap¬ 
plied,  along  with  the  estimated  yield  and  ultimate  base  shear  values  from  Figure 
A.8,  to  generate  the  modified  bilinear  plot  depicted  in  Figure  A.9.  This  plot  should 
predict  the  in-plane  ultimate  capacity  and  displacement  at  ultimate  capacity  with 
reasonable  accuracy. 
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Figure  A.  10  illustrates  the  effectiveness  of  the  rehabilitation  scheme  by  comparing 
the  structure  with  FRP  overlay  to  the  original  structure. 


Figure  A.10.  Pushover  curve  comparison  between  rehabilitated  and  original  structure. 
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Appendix  B:  Commentary  on  Selected 

Sections 

Flexural  Capacity  of  R/C  Frame  Members  Rehabilitated  With  FRP 

Four  beams  were  fabricated  and  tested  in  flexure  with  the  properties  listed  in  Table 
B.l.  Two  of  these  beams  had  no  FRP  while  the  other  two  were  fully  wrapped.  The 
FRP  was  composed  of  carbon  fibers  oriented  at  0°/90°.  The  FRP  strength  reduction 
factors  %  Ce,  ^  were  set  to  unity  to  reflect  the  controlled  laboratory  conditions.  The 
initial  strains  in  the  reinforcing  steel,  e'b,  and  e*y,  were  set  to  zero  since  there  was 
not  any  significant  load  on  the  members  prior  to  testing. 

Table  B.l.  Properties  of  the  experimental  beams  fully  wrapped  with  FRP  tested  in  flexure. 


i  A 

6.5 

ksi 

fy 

56 

ksi 

0.003 

in/in 

Es 

29000 

ksi 

h 

7.75 

in 

As' 

0.22 

in^ 

b 

5  j 

in 

As 

0.22 

inr 

'/ 

0.0026 

in 

d' 

1.125 

in 

£fu 

0.0158 

in/in 

d 

6.625 

in 

Ef 

33500 

ksi 

s'bi 

0 

in/in 

n 

1  1 

plies 

£bi 

0 

in/in 

Km 

0.9 

- 

¥ 

1 

- 

Ce 

1 

- 

1 

- 

Table  B.2  summarizes  the  experimental  and  theoretical  results  of  the  flexural  test¬ 
ing.  Tests  1  and  2  refer  to  the  individual  test  results  for  each  of  the  two  specimens: 
fully  wrapped  and  no  FRP.  The  average  experimental  moment  capacity  is  the  aver¬ 
age  of  tests  1  and  2.  The  first  column  indicates  the  FRP  location  on  the  beam.  Fig¬ 
ure  B.l  illustrates  the  nomenclature  used  to  describe  the  FRP  location.  There  are 
no  experimental  results  for  FRP  bonded  to  the  bottom  face,  below  the  neutral  axis, 
or  below  the  top  face.  However,  theoretical  values  for  moment  capacity  were  calcu¬ 
lated  to  compare  to  experimental  results.  The  last  column  indicates  the  ratio  of  the 
theoretical  to  experimental  moment  capacity. 
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The  ratio  of  theoretical  to  experimental  moment  capacity  for  the  control  beams 
without  FRP  was  81.3  percent.  To  keep  the  same  amount  of  reliability  when  FRP  is 
fully  wrapped  around  the  beams,  the  theoretical  moment  capacity  for  this  case 
should  also  yield  a  ratio  of  81.3  percent.  However,  when  considering  all  of  the  FRP 
for  the  fully  wrapped  case  effective  in  flexure,  the  ratio  was  1.074.  This  indicates 
that  the  theoretical  moment  capacity  was  greater  than  the  experimental. 

A  theoretical  exercise  was  performed  to  calculate  the  moment  capacities  of  beams 
with  FRP  bonded  to  the  bottom  face,  below  the  neutral  axis,  and  below  the  top  face 
in  order  to  compare  to  the  experimental  value  for  the  fully  wrapped  case.  For  the 
FRP  locations  below  neutral  axis  and  below  top  face,  the  theoretical  moment  capaci¬ 
ties  were  within  1  percent  of  the  fully  wrapped  case.  This  means  that  the  theoreti¬ 
cal  values  for  these  two  cases  were  still  overstating  the  actual  moment  capacity. 
However,  the  theoretical  moment  capacity  considering  only  the  FRP  bonded  to  the 
bottom  face  effective  in  resisting  flexural  loads  was  124.2  kip-in.  This  yielded  a  ra¬ 
tio  of  0.818,  which  was  within  0.6  percent  of  the  ratio  calculated  for  the  control 
beam  without  FRP.  Therefore,  when  considering  only  the  FRP  bonded  to  the  bot¬ 
tom  face  of  the  member  effective  in  flexure,  the  reliability  between  the  theoretical 
moment  capacity  of  the  control  beam  without  FRP  compared  to  the  beam  fully 
wrapped  with  FRP  remained  constant.  Using  this  research  as  a  basis,  this  report 
recommends  considering  only  the  FRP  bonded  to  the  bottom  face  of  the  member  ef¬ 
fective  in  resisting  flexure. 


Table  B.2.  Experimental  and  theoretical  moment  capacities. 


FRP 

Location  on  Beam 

Test  1 

Moment  Capacity 

(k-in) 

Test  2 

Moment  Capacity 
(k-in)  ; 

Average  Experimental 
Moment  Capacity 

(k-in) 

Theoretical* 

Mn  (k-in) 

Ratio** 

None 

94.9 

106.8 

100.8 

82.0 

0.813 

Bottom  Face  Only 

- 

- 

- 

124.2 

0.818 

Below  Neutral  Axis 

- 

- 

- 

161.6 

1.065 

Below  Top  Face 

- 

- 

- 

161.8 

1.066 

Fully-Wrapped 

158.6 

144.9 

151.7 

163.0 

1.074 

*  The  theoretical  moment  strength  was  calculated  with  the  FRP  reduction  variables  ¥  and  CE  set  to  unity. 

**  For  cases  without  experimental  results,  the  average  experimental  moment  strength  was  based  on  the  fully- 
wrapped  case. 
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Figure  B  1.  Nomenclature  used  to  describe  location  of  FRP  bondage. 

The  above  research  indicates  that,  for  an  R/C  beam  fully  wrapped  with  FRP  and  the 
additional  strength  reduction  factor,  y/,  set  to  unity,  considering  only  the  FRP 
bonded  to  the  bottom  face  of  the  member  effective  in  resisting  flexural  loads  will 
yield  accurate  strength  predictions  with  the  same  reliability  as  “bare”  R/C  members. 
ACI 440  recommends  using  yr=  0.85  for  R/C  members  with  FRP  bonded  to  the  bot¬ 
tom  (tension)  face  only.  Therefore,  the  additional  strength  reduction  factor  must  be 
a  function  of  the  FRP  wrapping  scheme.  This  document  recommends  using  the  val¬ 
ues  in  Table  B.3  for  y/f. 

Table  B.3.  Values  of  y/t for  different  FRP  wrapping  schemes. 


Wrapping  Scheme 

Yf 

Fully-Wrapped 

1.00 

U-Wrap 

0.95 

Tension  Face  Only 

0.85 

Furthermore,  this  document  discourages  the  use  of  FRP  bonded  only  to  the  tension 
face  of  the  member.  With  the  increase  in  flexural  capacity  from  the  addition  of  FRP, 
shear  failure  becomes  the  predominant  mode  of  failure.  In  addition,  the  probability 
of  FRP  debonding,  FRP  rupture,  or  cover  delamination  is  much  higher  when  the 
FRP  is  bonded  only  to  the  tension  face  of  the  member.  The  recommended  wrapping 
scheme  should  be  to  fully  wrap  the  member  when  possible.  In  most  situations, 
however,  a  U-wrap  is  the  only  economical  and  practical  wrapping  scheme. 


Axial  Capacity  of  R/C  Frame  Members  Rehabilitated  with  FRP 

Two  rectangular  columns  fully  wrapped  with  FRP  were  tested  in  compression  to 
verify  the  equations  contained  in  this  document.  These  columns  possessed  the  same 
dimensions  and  material  properties  as  those  listed  in  Table  B.l  except  that  the  total 
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area  of  steel,  As/,  was  equal  to  0.44  sq  in.  Table  B.4  summarizes  the  experimental 
and  theoretical  compressive  capacities. 


Table  B.4.  Experimental  and  theoretical  axial  capacities. 


Specimen 

Experimental 
Axial  Capacity 
(kips) 

Theoretical 

Axial  Capacity 
(kips) 

Ratio 

Bare 

265.0 

236.3 

0.892 

Fully-Wrapped 

300.5 

256.8 

0.854 

In  both  cases,  the  theoretical  strength  was  between  85  and  90  percent  of  the  ex¬ 
perimental  capacities.  The  ratio  of  theoretical  to  experimental  axial  capacity  for 
both  cases  was  within  5  percent.  Therefore,  the  equations  contained  in  this  docu¬ 
ment  for  determining  the  axial  strength  of  R/C  members  confined  with  FRP  not  only 
accurately  predict  the  strength,  but  also  maintain  the  same  amount  of  reliability  as 
the  traditional  equations  give  for  plain  R/C  members. 


Moment-Thrust  Interaction  of  R/C  Frame  Members  Rehabilitated  With  FRP 

Figure  B.2  shows  the  interaction  curves  for  a  bare  column,  a  column  fully  wrapped 
with  FRP  assuming  only  the  FRP  bonded  to  the  tension  face  of  the  member  is  effec¬ 
tive  in  resisting  flexural  loads,  and  a  column  fully  wrapped  assuming  100  percent  of 
the  FRP  is  effective  in  resisting  flexural  loads.  The  column  was  analyzed  with  the 
same  dimensions  and  material  properties  as  fisted  in  Table  B.l,  except  the  total 
area  of  steel  was  equal  to  0.44  sq  in. 
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The  curve  labeled  “FRP  Fully  Engaged”  clearly  shows  that  the  nominal  moment  ca¬ 
pacity  is  too  large  using  this  assumption  (180  k-in.  »  125  k-in.).  This  point  was 
proven  in  the  section  regarding  flexural  capacity  of  members  strengthened  with 
FRP.  However,  the  “FRP  Fully  Engaged”  curve  does  illustrate  a  smoother  transi¬ 
tion  between  pure  axial  compression  and  pure  flexure  (i.e.,  does  not  merge  with  the 
“No  FRP”  curve).  Once  equations  are  developed  to  account  for  the  combination  of 
confinement  and  stress-strain  resistance  when  members  are  under  combined  axial 
and  flexural  loads,  the  curve  labeled  “Fully-Wrapped  with  FRP”  will  also  show 
greater  capacity  than  the  bare  member  under  all  load  combinations.  Also,  note  that 
the  fully  engaged  curve  does  not  show  a  smooth  transition  to  the  pure  tension  condi¬ 
tion.  This  is  due  to  the  limitation  of  Efe  prescribed  by  ACI  440  for  tensile  capacity. 


Strength  and  Stiffness  of  URM  Infill  Rehabilitated  With  FRP 

Fourteen  infill  walls  constructed  of  full-scale  CMU  were  rehabilitated  with  FRP. 
Table  B.5  fists  the  FRP  system,  FRP  pattern,  fiber  bias,  number  of  plies,  ultimate 
tensile  strength  of  FRP,  initial  modulus  of  FRP  elasticity,  and  mortar  cube  strength 
for  each  of  the  walls  tested.  Note  that  walls  #7  and  #11  are  the  control  specimens. 
Figure  B.3  shows  the  FRP  strip  and  URM  panel  dimensions  of  the  test  specimens. 
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Table  B.5.  Material  properties  for  the  CMU  walls  rehabilitated  with  FRP. 


Figure  B.3.  Dimensions  of  URM  panel  and  FRP  strips. 
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These  masonry  walls  were  cyclically  tested  to  determine  the  effectiveness  of  the 
FRP  wrapping  schemes  with  respect  to  strength  and  stiffness.  Figure  B.4  illus¬ 
trates  the  peak  load  and  corresponding  displacement  for  each  of  the  masonry  walls 
tested.  The  FRP  strength  and  stiffness  increase  factors  (£/  and  £?,  respectively) 
were  derived  from  these  data. 


0.00  0.05  0.10  0.15  0.20  0.25  0.30  0.35  0.40  0.45  0.50 

Displacement  (in) 


Figure  B.4.  Peak  load  and  corresponding  displacement  for  CMU  walls. 
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Glossary 

Definitions 

AFRP:  Aramid  fiber-reinforced  polymer. 

Aramid  Fiber:  Aromatic  polyamide  fiber  with  high  strength  and  stiffness. 

Axial  Hinge:  A  plastic  hinge  defined  to  model  the  inelastic  action  of  a  structural 
member  when  its  yield  strength  is  surpassed  due  to  axial  forces. 

Axial-Moment  Hinge:  A  plastic  hinge  defined  to  model  the  inelastic  action  of  a 
structural  member  when  its  yield  strength  is  surpassed  due  to  the  combination  of 
axial  loads  and  bending  moments. 

Building  Type:  A  building  classification  defined  by  FEMA  310  that  groups  together 
building  types  with  common  lateral  force  resisting  systems. 

Carbon  Fiber:  Highly  anisotropic  fiber  formed  from  long  bundles  of  linked  graphite 
plate. 

CFRP:  Carbon  fiber-reinforced  polymer. 

Composite:  A  combination  of  two  or  more  materials. 

Concrete  Substrate:  The  concrete  surface  underlying  the  FRP  system. 

Coupon:  FRP  tensile  test  specimen  used  to  determine  ffu  and  e*fu. 

Debonding:  Separation  between  the  concrete  substrate  and  the  FRP. 

Delamination:  Separation  between  the  individual  layers  of  FRP. 

Design  Flexural  Capacity:  The  nominal  moment  capacity,  <j>,  multiplied  by  the 
strength  reduction  factor,  Mn. 
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E-Glass:  A  general  purpose  fiber  with  electrical  properties,  strength,  and  durability 
appropriate  for  many  applications. 

Epoxy:  Any  of  various,  usually  thermosetting,  resins  used  in  surface  coatings,  as 
matrix  resins  for  composites,  and  as  structural  adhesives. 

Existing  Infill  Damage:  Damage  experienced  by  the  infill  during  its  service  life. 
Fiber:  A  filamentary  material. 

Fiber  Content:  The  amount  of  fiber  present  in  a  composite  usually  expressed  as  a 
percentage  volume  fraction. 

Flexural  Design  Rupture  Strain:  The  design  rupture  strain,  ga,  multiplied  by  the 
bond-dependent  coefficient  for  flexure,  Km. 

Fiber-Reinforced  Polymer  (FRP):  Composite  material  made  up  of  a  polymer  matrix 
reinforced  with  fibers. 

Frame:  A  structural  system  of  beams  and  columns  that  resists  vertical/lateral 
loads. 

FRP  System:  The  composite  FRP  material  composed  of  fibers  and  resin. 

GFRP:  Glass  fiber-reinforced  polymer. 

Glass  Fiber:  Fiber  formed  from  molten  glass. 

Gross  Laminate  Area:  The  total  cross-sectional  area  of  the  cured  FRP  system  in¬ 
cluding  all  fibers  and  resin. 

Infill  Aspect  Ratio:  Ratio  of  full  length  to  height  dimensions  for  masonry  infill  pan¬ 
els  ( 1/hm ). 

Infill  Slenderness  Ratio:  Ratio  of  full  height  to  thickness  dimensions  for  masonry 
infill  panels  ( hm/t ). 

Infill  Strength:  The  maximum  lateral  loads  that  a  masonry  infill  panel  can  resist. 

Infilled  Frame:  Lateral  and  vertical  load  resisting  structural  systems  that  consist  of 
frame  and  infill  panels.  The  infill  can  be  full,  partial,  or  contain  openings. 
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Isolated  Masonry  Infill  Panel:  A  specific  type  of  masonry  infill  panel  in  which  the 
panel  and  the  confining  frame  are  in  direct  contact  at  the  panel  base  only.  The 
other  three  panel  sides  are  not  in  contact  with  the  frame. 

Laminate:  One  or  more  layers  of  fiber,  bound  together  in  a  resin  matrix. 

Life  Safety  Performance  Level:  Building  performance  that  includes  significant 
damage  to  both  structural  and  nonstructural  components  during  an  earthquake, 
though  at  least  some  margin  against  either  partial  or  total  structural  collapse  re¬ 
mains.  Injuries  may  occur,  but  entrapment  is  low. 

Masonry  Infill  Panel:  A  masonry  wall  constructed  within  an  existing  confining 
frame.  These  panels  are  built  in-place  and  should  be  constructed  so  that  there  is 
full  contact  along  the  entire  perimeter  of  the  infill. 

Matrix:  The  resin  or  polymer  material  in  which  the  fibers  of  the  composite  are  em¬ 
bedded. 

Moment  Hinge:  A  plastic  hinge  defined  to  model  the  inelastic  action  of  a  structural 
member  when  its  yield  strength  is  surpassed  due  to  bending  moment  forces. 

Mortar  Joint:  A  mixture  of  sand,  cement,  lime,  and  water  that  is  used  to  bond  ma¬ 
sonry  units  together. 

Net  Fiber  Area:  The  area  of  the  FRP  system  excluding  resin. 

Plastic  Hinge:  Location  of  inelastic  action  on  a  structural  member. 

Piz'es:  Number  of  layers  of  FRP. 

Polymer:  Any  of  numerous  natural  and  synthetic  compounds  of  usually  high  mo¬ 
lecular  weight  consisting  of  repeated  linked  units,  each  a  relatively  fight  and  simple 
molecules. 

Resin:  The  mixed  polymer  component  or  matrix  of  the  FRP. 

Rigid  End  Offset:  The  length  of  a  structural  member  assumed  to  be  completely 
rigid  in  order  to  model  the  effects  of  full  contact  between  the  infill  and  structural 
members. 
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Shear  Hinge:  Aplastic  hinge  defined  to  model  the  inelastic  action  of  a  structural 
member  when  its  yield  strength  is  surpassed  due  to  shear  forces. 

Solid  Infill  Panel:  A  masonry  infill  panel  built  with  solid  masonry  units  (such  as 
clay  brick). 

Structural  Adhesive:  A  resinous  bonding  agent  used  to  transfer  loads  between  the 
concrete  substrate  and  FRP. 

Ultimate  Load:  The  maximum  value  of  base  shear  predicted  by  a  nonlinear  struc¬ 
tural  pushover  analysis. 

Yield  Load:  Value  of  base  shear  on  a  bilinear  estimate  of  a  pushover  curve  at  which 
the  slope  changes  and  the  model  becomes  more  flexible. 


Symbols 

a  Equivalent  width  of  infill  strut  (in.) 

amod  Modifed  equivalent  width  of  infill  strut  (in.) 

Af  Area  of  FRP  on  the  tension  face  of  the  member  (sq  in.) 

Afv  Area  of  FRP  shear  reinforcement  within  spacing  s/(sq  in.) 

Ag  Gross  cross  sectional  area  of  confining  frame  elements  (sq  in.) 

An  Net  cross  sectional  mortar/grouted  area  of  infill  panel  along  its  length  (sq  in.) 

Aopen  Total  area  of  openings  in  a  selected  infill  panel  (sq  in.) 

Apanei  Gross  area  of  an  infill  panel  (sq  in.) 

As  Area  of  reinforcing  steel  in  tension  (sq  in.) 

As  Area  of  reinforcing  steel  in  compression  (sq  in.) 

Ast  Total  area  of  longitudinal  reinforcing  steel  in  a  column  (sq  in.) 

b  Width  of  the  concrete  member  (in.) 

c  Depth  to  the  neutral  axis  (in.) 

C  A  multiplication  factor  for  calculating  strut  width  that  accounts  for  aspect  ratio 

Ce  Environmental  Reduction  Factor 

d  Depth  to  the  centroid  of  the  reinforcing  steel  in  tension  (in.) 

d '  Depth  to  the  centroid  of  the  reinforcing  steel  in  compression  (in.) 

df  Depth  of  the  FRP  shear  reinforcement  (in.) 

dm  Nonlinear  drift  associated  with  the  masonry  infill  panel  (%) 

D  Diagonal  length  of  infill  (in.) 

Ec  Modulus  of  elasticity  of  the  confining  frame  (ksi) 
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En 

Eet 

Em 

Es 

fc 

fc 

fee 

& 

&l 

f{a 

fty 

ffy 


£ 

fm 

£ 

fs 

ft 


fv 

fy 

Gm 

h 

hm 

hm/t 

hoperdng 

H 

Ibeam 

Icolumn 

Ifname 

IPcapadty 

IPreduced 

ki 

k2 

K 

Kf 

Kssc 

Ky 


Initial  modulus  of  elasticity  of  the  FRP  system  (ksi) 

Secondary  modulus  of  elasticity  of  the  FRP  system  (ksi) 

Modulus  of  elasticity  of  masonry  in  compression  (ksi) 

Modulus  of  elasticity  of  the  reinforcing  steel  (ksi) 

Maximum  concrete  stress  at  My  (ksi) 

Concrete  compressive  strength  at  28  days  (ksi) 

Confined  concrete  compressive  strength  (ksi) 

Effective  stress  in  the  FRP  (ksi) 

Design  ultimate  tensile  strength  of  the  FRP  system  (ksi) 

Ultimate  tensile  strength  of  the  FRP  system  determined  from  testing  (ksi) 

Design  yield  stress  of  the  FRP  system  (ksi) 

Yield  stress  of  the  FRP  system  determined  from  the  bilinear  FRP  stress-strain  curve 
(ksi) 

Confining  pressure  due  to  FRP  jacket  (ksi) 

Compressive  strength  of  masonry  (ksi) 

Stress  in  the  tension  reinforcing  steel  (ksi) 

Stress  in  the  compression  reinforcing  steel  (ksi) 

Masonry  flexural  tensile  strength  (ksi) 

Masonry  shear  strength  (ksi) 

Yield  stress  of  the  reinforcing  steel  (ksi) 

Masonry  shear  modulus  {0.4 En)  (psi) 

Height  of  the  concrete  member  (in.) 

Height  of  the  masonry  infill  panel  (in.) 

Masonry  infill  panel  slenderness  ratio 
Height  of  individual  infill  opening  (in.) 

Height  of  the  confining  frame  (in.) 

Moment  of  inertia  of  confining  beam  (in4) 

Moment  of  inertia  of  confining  column  (in4) 

Lesser  Moment  of  inertia  between  Ibeam  and  Icolumn  (in4) 

Ultimate  in-plane  loading  capacity  (kips) 

Reduced  in-plane  loading  capacity  resulting  from  out-of-plane  forces  (kips) 

Concrete  strength  modification  factor  applied  to  kv 
FRP  wrapping  scheme  modification  factor  applied  to  kv 
Modified  initial  bilinear  stiffness  (k/in.) 

Modified  post-yield  bilinear  stiffness  (k/in.) 

Initial  bilinear  stiffness  as  estimated  from  Stafford- Smith  and  Carter  (1969)  (k/in.) 
Initial  bilinear  stiffness  as  estimated  from  Mainstone  (1971)  (k/in.) 
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Ku  Post-yield  bilinear  stiffness  as  estimated  from  Mainstone  (1971)  (k/in.) 

1  Length  of  the  infill  panel  (in.) 

1/hm  Infill  panel  aspect  ratio 

lbeam  Distance  from  the  face  of  the  beam  to  the  first  beam  plastic  hinge  (in.) 

lcoiumn  Distance  from  the  face  of  the  column  to  the  first  column  plastic  hinge  (in.) 

Le  FRP  bond  length  (in.) 

Lf  Length  of  the  confining  frame  (in.) 

Lopening  Length  of  individual  infill  opening  (in.) 

Mn  Nominal  moment  capacity  (k-in.) 

Mult  Moment  demand  based  on  factored  loads  (k-in.) 

My  Flexural  yield  strength  of  the  beam  (k-in.) 

n  Number  of  plies  of  FRP 

OPdemand  Out-of-plane  load  that  a  structure  is  required  to  withstand  (kips) 

OPcapadty  Out-of-plane  load  that  a  structure  is  capable  of  withstanding  (kips) 

Pn  Nominal  axial  compression  capacity  (kips) 

Puit  Compressive  axial  demand  based  on  factored  loads  (k-in.) 
r  Radius  of  the  edges  of  a  square  or  rectangular  section  (in.) 

Per  Force  required  to  reach  the  masonry  infill  panel's  crushing  strength  (kips) 

Rsbear  Force  required  to  reach  the  masonry  infill  panel’s  shear  strength  (kips) 

Pstrut  Minimum  of  Per  and  Rsbear  (kips) 

(Ri)i  In-plane  reduction  factor  that  accounts  for  the  presence  of  infill  openings 

(Ri)o  Out-of-plane  reduction  factor  that  accounts  for  the  presence  of  infill  openings 

(P,2)i  In-plane  reduction  factor  that  accounts  for  existing  panel  damage 

( P2)o  Out-of-plane  reduction  factor  that  accounts  for  existing  panel  damage 

(R3)o  Out-of-plane  reduction  factor  that  accounts  for  the  flexibility  of  the  confining  frame 

sr  Spacing  of  FRP  shear  reinforcement  (in.) 

t  Gross  thickness  of  the  infill  (in.) 

teff  Effective  net  thickness  of  the  infill  (in.) 

tf  Thickness  of  the  FRP  system  (in.) 

Tn  Nominal  axial  tension  capacity  (kips) 

Tuit  Axial  tension  demand  based  on  factored  loads  (kips) 

Vc  Shear  strength  of  the  concrete  (kips) 

Vf  Shear  strength  of  the  FRP  (kips) 

Vn  Nominal  shear  capacity  (kips) 

Vs  Shear  strength  of  the  reinforcing  steel  stirrups  (kips) 

Vu  Ultimate  capacity  of  a  structure  as  computed  by  a  pushover  analysis  (kips) 


Vuit  Shear  demand  based  on  factored  loads  (k-in.) 
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Estimated  bilinear  “yield”  strength  of  a  structure  (kips) 

Parameter  used  in  the  out-of-plane  strength  evaluation  of  masonry  infill  panels  (ksi) 
Width  of  the  FRP  strip  used  for  shear  strengthening  (in.) 

Inclination  angle  of  FRP  shear  reinforcement  (degrees) 

Ratio  of  the  depth  of  the  equivalent  rectangular  stress  block  to  the  depth  of  the  neutral 
axis 

Out-of-plane  infill  deflection  at  the  center  (mid-height)  of  the  panel  (in.) 

In-plane  lateral  deformation  experienced  by  the  structure  (in.) 

Bilinear  deflection  at  ultimate  load  as  computed  by  a  pushover  analysis  (in.) 

Estimated  bilinear  “yield”  deflection  (in.) 

Modified  bilinear  deflection  at  ultimate  load  (in.) 

Modified  bilinear  “yield”  deflection  (in.) 

Strain  level  in  the  concrete  substrate  at  the  time  of  FRP  installation  (in./in.) 

Maximum  concrete  strain  at  My  (in./in.) 

Ultimate  crushing  strain  of  masonry  (in./in.) 

Maximum  usable  compressive  strain  in  the  concrete  (in./in.) 

Effective  strain  in  the  FRP  at  failure  (in./in.) 

Ultimate  rupture  strain  of  the  FRP  system  determined  from  testing  (in./in.) 

Design  rupture  strain  of  the  FRP  system  (in./in.) 

Design  yield  strain  of  the  FRP  system  (in./in.) 

Yield  strain  of  the  FRP  system  determined  from  the  bilinear  FRP  stress-strain  curve 
(in./in.) 

Strain  in  the  tension  reinforcing  steel  (in./in.) 

Strain  in  the  compression  reinforcing  steel  (in./in.) 

Yield  strain  of  the  reinforcing  steel  (in./in.) 

1 

Yield  strain  of  the  reinforcing  steel  (in./in.) 

Efficiency  factor  for  confinement 
Bond-dependent  coefficient  for  flexure 
Bond-dependent  coefficient  for  shear 

Parameter  required  to  evaluate  the  out-of-plane  infill  strength 
Relative  infill-to-frame  stiffness  parameter 
Strength  reduction  factor 
Curvature  in  the  beam  at  Mn  (rad/in.) 

Curvature  in  the  beam  at  My  (rad/in.) 

FRP  reinforcement  ratio 

Longitudinal  steel  reinforcement  ratio 

Angle  of  the  concentric  equivalent  strut  (degrees) 
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Qbeam  Angle  between  face  of  the  eccentric  equivalent  strut  and  the  horizontal  if  the  strut  were 
to  be  modeled  eccentrically  along  the  beam  (degrees) 

Qooiumn  Angle  between  face  of  the  eccentric  equivalent  strut  and  the  horizontal  if  the  strut  were 
to  be  modeled  eccentrically  along  the  column  (degrees) 

Qstrut  Angle  made  between  the  eccentric  equivalent  strut  and  the  horizontal  if  the  strut  is 
modeled  as  a  centerline  element  (degrees) 

FEP  strength  increase  factor 

FEP  stiffness  increase  factor 

y//  Additional  FEP  reduction  factor 
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